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Major and minor minerals have been separated from

three L-6 chondritic meteorites (Alfianello, Colby (Wiscon-

sin), and Leedey). Olivine, hypersthene, diopside, felds-

par, troilite, chromite, phosphate minerals, and metallic

minerals were analyzed for major, minor and trace elements

using instrumental neutron activation analysis and radio-

chemical neutron activation analysis techniques. Concen-

trations df the following elements were determined in some

or all of the minerals which were separated: Al, Na, Ca,

K, Rb, Cs, Cr, V, Mn, Mg, Zn, Sc, Fe, Ni, Co, Au, Se, S,

Cl, La, Ce, Nd, Sm, Eu, Tb, Tm, Yb, Lu.

The major element abundances were used primarily to

evaluate contamination between minerals. An attempt was

made to quantify the cross contamination and correct the

trace element abundances accordingly.

The distribution of elements within minerals, the par-

titioning of elements between minerals, and the chemical-



mineralogical relationships suggest that many minor and

trace elements have been distributed in an orderly fashion

in L-6 chondritic meteorites. The Rare Earth Elements

(REE) have well defined differences in their absolute and

relative abundances in the same minerals from the three

meteorites. These chondrites were not in equilibrium with

each other with respect to the REE. Neither heterogeneous

distribution of accessory minerals nor variations in the

absolute and relative abundances of REE in minerals from

different meteorites can explain the subtle fractionation

of REE between different L chondrites (Masuda et al., 1973).

The differences in REE distributions in the same minerals

from the three meteorites probably represent various de-

grees of attainment of equilibrium or equilibration under

different physical-chemical conditions. The REE fractiona-

tions between different meteorites probably pre-date the

present chemical-mineralogical relationships.

The relative abundances of Ni, Co, and Au in fine

grained metallic minerals differ from the abundances of

these elements in the bulk of the metallic phases. Differ-

ences in the abundance of Ni can be attributed to various

proportions of kamacite and taenite in the analyzed sam-

ples. Cobalt and Au abundances do not correlate with Ni;

therefore, variations in the abundances of Co and Au are

apparently not related to the relative proportions of the

metallic minerals.



The distribution of Ni and Co between non-metallic

meteoritic minerals is different than the distribution be-

tween analogous terrestrial minerals. The abundances pro-

bably reflect equilibrium between metallic and non-metallic

minerals. The last temperatures at which Ni was equili-

brated between metal and olivine was calculated from per-

tinent thermodynamic relationships. The calculated tem-

peratures indicate that the last temperature of Ni equili-

bration in the three meteorites decreased in the following

order: Colby > Alfianello > Leedey.

Rubidium and Cs are concentrated in the feldspar min-

erals. Rubidium is uniquely associated with the feldspars

within the sensitivity of the techniques. Cesium is nearly

ubiquitous among the meteoritic minerals. Quantities of Cs

in minerals other than feldspar probably reflect the pre-

sence of Cs at grain boundaries and in interstitial sites.

The Rb/Cs ratio in feldspars from all three meteorites vary

considerably. This ratio may be an indicator of thermal

events in the history of the meteorites in which Cs was

volatilized to various degrees. The largest Rb/Cs ratio

which has been identified in the whole rocks is nearly the

same value as this ratio in the feldspar minerals. This

may indicate that the interstitial Cs enriched phase is the

volatile Cs component. If the Rb/Cs ratio is an indicator

of some thermal event, the relative temperature in the

three meteorites decreases in the following order:



Leedey > Alfianello > Colby. This ordering of relative

temperatures is reversed compared to the relative tempera-

tures based on the equilibration of Ni between olivine and

metallic minerals. The two temperature estimates may re-

flect the effective temperatures of two different thermal

events in the petrogenesis of the three meteorites.

Zinc and Mn have nearly identical geochemical affini-

ties in these L-6 chondrites. There is no indication of

the mechanism which depleted the abundance of Zn in ordi-

nary chondrites relative to the abundance in C-1 carbona-

ceous chondrites.
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A CHEMICAL INVESTIGATION OF MINERALS IN L-6
CHONDRITIC METEORITES

INTRODUCTION

The chondritic meteorites were so designated because

they contain small spheriodal inclusions called chondrules.

Mutual classification of these meteorites was later justi-

fied on the basis of more general criteria. Chondrite, in

modern terminology, refers to a large group of meteorites

which display a remarkable similarity in bulk compositional

properties, despite a wide range of petrologic and miner-

alogic characteristics.

Subtle chemical differences exist between chondritic

meteorites. These differences provide the basis for fur-

ther classification. A popular system of subclassification

was proposed by Van Schmus and Wood (1967). Their nomen-

clature consists of letters (C, E, H, L and LL), which re-

fer to compositional differences between the chondrites,

and numbers (1-6), which refer to differences in the tex-

ture, fabric, and mineralogy. This system of classifica-

tion will be the one which is used in this paper.

Chondrites have been thoroughly studied because they

are believed to be very ancient, not too different from the

primordial material which formed the solar system (Urey,

1957). Bulk chemical abundances have been carefully de-

fined. Variations in the absolute and relative chemical

abundances have provoked speculation concerning the petro-

logy of the chondritic rocks. The principal question, in
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the study of chondrites, is whether one type is more primi-

tive than the others. If so, are the chondrites interre-

lated by simple processes which produced minor composi-

tional differences between the subgroups? What are the

mechanisms which produced the differences? If the chon-

drites are equally primitive, what were the nature of the

processes which caused the chemical fractionations? Ahrens

(1964, 1965), Larimer and Anders (1970), and Grossman

(1972, 1973) present discussions on the fractionation of

elements in the early solar system.

Increasingly sensitive analytical techniques have de-

fined variations in the chemical abundances of trace ele-

ments in the chondrites (Larimer and Anders, 1967). Pre-

cise techniques have defined absolute and relative varia-

tions in the abundances of elements previously believed to

be invariant between chondrites (Masuda et al., 1973). The

definition of more subtle chemical differences has produced

new, but still controversial, theories concerning the pet-

rogenesis of chondrites, The ordered depletion and frac-

tionation of trace elements with diverse geochemical pro-

perties suggested a model based upon the volatility of the

elements (Larimer, 1967; Larimer and Anders, 1967). The

model is magmatic; the variation of chemical abundances is

a function of the primordial processes which formed the

chondrites, i.e., all chondrites are equally primitive,



3

The antithesis of magmatic models is the metamorphic

model. This hypothesis contends that increasing numerical

values for petrologic types represent increasingly intense

metamorphism acting upon the same parent rock. The frac-

tionation of trace elements is a manifestation of the meta-

morphic events, i.e., all chondrites are not equally primi-

tive (Dodd, 1969; Wood, 1962).

Bulk chemical concentrations are a function of the

minerals which are present in the rock. Chemical abun-

dances in the minerals are detailed expressions of the

chemical environment in which the crystals were formed, and

the physical processes which formed them. Chemical abun-

dances in meteoritic minerals should be defined and sys-

temized, as they have been in the whole rocks. Identifica-

tion of element-mineral relationships, combined with a bet-

ter understanding of the principals which determine these

relationships will be invaluable in understanding the pet-

rology of chondritic meteorites.

Abundances of major and minor elements in meteoritic

minerals have been determined using the electron beam

microprobe (Keil and Fredrickson, 1964; Bunch et.al., 1967;

Dodd et al., 1967). The sensitivity of this technique

restricts the analyses to elements which are present at

concentrations 50-100 ppm. Techniques for the determina-

tion of trace elements in minerals are tedious and the re-

sults are often ambiguous. Separation of minerals from
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lower petrologic types of chondrites is difficult, if not

impossible, because of the fine grained textures and exten-

sive intergrowth of minerals. Separation of minerals from

the higher petrologic types is difficult, but possible;

very little work has been done on this problem. General

element-mineral associations have been known for years

(siderophilic vs. lithophilic and chalcophilic), because

of the ease with which magnetic minerals can be separated

from nonmagnetic minerals. Certain associations can be

deduced from the covariance of major and trace elements,

i.e., S, Se and Te (Pelly and Lipschutz, 1971). There have

been a few direct determinations of trace elements in non-

metallic minerals using several techniques (Mason and

Graham, 1970; Allen and Mason, 1973; Shima and Honda, 1967;

Nishimura and Sandell, 1964; Goles, 1971). Selective

leaching, which was used by Nishimura and Sandell (1964)

and Shima and Honda (1967), has been criticized as being

incapable of providing unambiguous results.

The primary objective of this thesis is the definition

of mineral-element relationships for a group of trace ele-

ments in L-6 chondritic meteorites. I have analyzed min-

erals which were separated from three of these chondrites:

Alfianello, Colby (Wisconsin) and Leedey. Petrologic type

6 chondrites were chosen because minerals.could be sepa-

rated from them with relative ease,
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Abundances of selected major and minor.elements have

been used to quantitatively evaluate the presence of con-

taminating minerals in separated samples.. The trace ele-

ment abundances were corrected for the presence of these

contaminants. Elemental contamination during mineral sepa-

ration procedures and the effects of contaminating phases

are the primary restrictions upon the unambiguous deter-

mination of trace element abundances in separated minerals.

It is unfortunate that those chondrites which are the

easiest to separate into their constituent minerals are the

least likely to yield information concerning the primary

processes of formation. Type 6 chondrites are unques-

tionably recrystallized rocks. It is speculative whether

the metamorphism was open or closed to the transfer of

chemical elements. It is likely that chemical-mineralogi-

cal relationships which were established during the ini-

tial processes of formation have been eradicated. At best,

the distinction between primary and secondary characteris -.

tics will be ambiguous. To distinguish between properties

which may be primary and those which may be secondary, I

have compared the distribution of elements within a given

mineral 'and the distribution of elements between minerals,

with similar distributions in analogous terrestrial min-

erals. General geochemical affinities of the elements and

chemical properties which are unique to the chondrites

have been examined with regard to the petrological theories

proposed for these extraterrestrial rocks.
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EXPERIMENTAL

Introduction

This study involved the physical separation of major

and minor minerals from three L-6 chondrites:. Leedey,

Colby (Wisconsin) and Alfianello. The separated mineral

phases were analyzed using neutron activation analysis

techniques.

Mineral Separations

Approximately 100 g of meteorite was crushed in an

agate mortar. The mortar had been previously cleansed by

abrasion with high purity quartz. Small portions of the

sample were thoroughly crushed in the mortar and discarded.

The sample was crushed and sieved through 200 mesh (74 11)

and 325 mesh (44 11) nylon screen. That portion of sample

which passed through 200 mesh, but failed to pass through

325 mesh, was used for the analysis. Optimum size is cri-

tical; the samples should be finely crushed to obtain the

most efficient separation of fine grained minerals. Samples

which are too fine will "ball up" due to electrostatic

charge, and magnetic separation will be inefficient (Hess,

1959). Mason and Graham (1971) determined that the -200,

+325 mesh fraction was good for mineral separations from

chondritic meteorites.

Figure 1 is a flow diagram of the mineral separation

scheme. The strongly magnetic portions were removed with a
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hand magnet. This was done after the sample had been thor-

oughly pulverized to insure an efficient separation of the

metallic phase. The magnetic fractions were contaminated

with nonmetallic phases. The contaminants could not be re-

moved by simple grinding because of the ductility of the

metal. Magnetic phases which passed through the 74 p sieve

were analyzed, despite the presence of contaminants.

The remainder of the minerals were obtained by two

step separations. The first step was a gross separation

from the majority of the constituents. The second step was

the final cleanup in which contaminating phases were re-

moved from the principal mineral. Some of the minor min-

erals yielded such small amounts that the final steps were

terminated prior to complete cleanup to ensure that ade-

quate sample would be available for the analyses. These

minerals will be identified and discussed in section III.

Troilite and chromite have densities greater than pure

Clerici solution (4.0 g/cc). They were separated from the

other constituents by density separation in Clerici solu-

tion. Chromite was easily separated from troilite on the

Frantz Isodynamic magnetic separator; chromite has a rela-

tively high magnetic susceptibility, troilite a relatively

low one.

Minerals with density less than 4.0 g/cc were ini-

tially separated on the magnetic separator. The relative

magnetic susceptibilities of the minerals were: olivine >
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hypersthene > diopside > feldspar > phosphate. The final

cleanup was accomplished using diluted Clerici solution to

separate minerals according to their densities. Clerici

solution was diluted with water to a density slightly

greater than the anticipated density of the mineral to be

purified. Sample was added and the density of the solution

was decreased incrementally by adding drops of water. The

volume of water was estimated to give increments of 0.02-

0.03 g/cc. After each incremental change, the heavy frac-

tion was removed. The fraction which produced the highest

yield was usually taken for analysis.

Each fraction which was to be analyzed was rinsed 15

times with triple distilled water and three times with high

purity methanol.

The final separated mineral fractions were subjected

to X-ray powder diffractrometry. Diffraction patterns were

used as a criterion for the purity of the separates. Esti-

mates of purity by this method are crude; contaminants in

quantities less than (\,10% may not be detected, and non-

crystalline contaminants, such as glass, do not produce

sharply defined peaks. Mixtures of 10%, 5%,and 1% hyper-

sthene in olivine were analyzed by X-ray diffractrometry.

The results were not quantitative in that peak areas could

not be reproduced from scan to scan. Five,percent.hyper-

sthene was easily detected in repeated scans with the

diffractrometer. One percent hypersthene produced a small
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peak which was not consistently detectable above back-

ground. The same experiment was performed with a mixture

of 5% olivine and 95% hypersthene, Five percent olivine

produced a peak which was easily detectable..

No sample was accepted as a final product if peaks

attributable to another mineral appeared in the X-ray dif-

fraction spectrum, providing there was sufficient material

to continue processing without risking total loss.

The separation scheme is essentially that of Mason and

Graham (1971) and Huneke et al. (1969). Incremental den-

sity separations were suggested by Dr. W. V. Boynton. Each

meteorite presented certain unique problems. The final

separates normally resulted from embellishments upon the

general separation procedures.

Phosphate minerals and chromite were not obtained from

the Leedey meteorite. This was the result of my inexperi-

ence. I tried to obtain samples which were entirely free

of contaminants. Continuous processing eventually produced

only a few grains of sample; not enough to handle for irra-

diation and analysis. The same problem arose in the sepa-

ration of diopside and feldspar from Leedey. I realized

the futility of further processing and accepted small, im-

pure, portions of these minerals.

Alfianello yielded relatively large portions of every

mineral. It is the only meteorite from which I obtained

samples of all the minerals. The least dense mineral from
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Alfianello did not have a unique density. Large portions

of sample were obtained from q,2.67-2.55 g/cc. The latter

density is less than that of pure albite. The X-ray dif-

fraction pattern for this phase had small broad peaks, in

contrast to the sharply defined peaks produced.by feldspar

separates from Leedey and Colby. The poorly defined X-ray

diffraction pattern suggests that the mineral which was

separated from Alfianello was maskelynite, not feldspar.

The Colby meteorite yielded small portions of every

mineral. To obtain separated samples of feldspar, phos-

phate minerals, and diopside, it was necessary to process

samples which had passed through the 325 mesh screen (<44

p). Small portions of phosphate minerals and feldspar were

obtained; these were contaminated with other minerals. The

sample which was supposed to contain diopside was so con-

taminated that the analyses on it were useless.

The nature and quantity of contaminating minerals will

be estimated using selected elemental abundances as

tracers. These estimates will be discussed in section III.

Elemental Analysis

Instrumental neutron activation analysis (INAA) using

a short irradiation was used to determine the abundances of

Al, Ca, Mn, Mg, Na, and V. In some minerals, abundances of

S, Cl, and K were also determined. These are elements

which produce relatively short live4 nuclides.
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Iron, Cr, Sc,and in some cases Co, and Ni, were ana-

lyzed by INAA using a long irradiation in a high neutron

flux. Irradiation of these elements produces. radionuclides

with relatively long half lives. The INAA procedures are

essentially modifications of the sequential.INAA procedures

presented in Wakita et ale (1970).

After analysis for elements with long lived nuclides,

the samples were analyzed for trace elements using radio-

chemical neutron activation analysis (RNAA). The elements

which can be determined by the RNAA techniques are Ag, Au,

Br, Cd, Co, Cs, In, Ni, the rare earth elements (REE), Rb,

Se, Ti, and Zne The abundances of Ag, Br, Cd, In and Ti

were not determined after the first set of analyses; the

procedures used for mineral separations contaminated the

samples with these elements.

The radiochemical procedure was a modification of the

procedures which are used by Professor Edward Ander's group

at the University of Chicago (Dr. J. C. Laul personal com-

munication, Keys et al,, 1971, 1973). Changes to the pro-

cedure were mostly a reflection of the preferences of the

experimentalist and were taken from standard analytical

texts and the AEC monographs on the radiochemistry of the

elements. The group separation procedure for.the.REE was

suggested in a paper by Denechaud et al. (1970).. However,

the group separations which were used follow the initial

separations presented by Rey et al, (1970). The separated
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REE were counted on a high resolution Ge(Li) detector.

High resolution gamma-ray spectroscopy procedures were

developed with the assistance of Dr. W. V. Boynton.

Details of the analytical procedures are presented in

appendix B.
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PRESENTATION AND EVALUATION OF RESULTS

Introduction

Mineral separations and other pre-analysis handling

may have contaminated the samples or altered their elemen-

tal composition. Small amounts of contaminating phases

which are enriched in certain elements are another poten-

tial source of erroneous results. I have attempted to

evaluate the magnitude of these potential errors and to

adjust the results accordingly.

Pre-analysis Contamination and Leaching

High density liquids are a likely source of elemental

contamination. Clerici solution was used to separate min-

erals in this work. It is a solution of thallium formate

and thallium malonate with a density of 4.0 g/cc. Clerici

solution was a poor choice of heavy liquids from the stand-

point of contamination, particularly with respect to the

heavy metals. It is the only liquid which was dense enough

to separate several of the meteoritic constituents.

To evaluate the effect of Clerici solution on trace

element abundances, I conducted a controlled experiment.

A small portion of the non-metallic minerals_from Leedey

meteorite was halved. One half was prepared for radio-

chemical analysis. The other half was soaked.in Clerici

solution for an hour, rinsed five times with triple dis-

tilled water and prepared for analysis. Silver and Br were
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enriched 4x in the sample which had been soaked in Clerici

solution; Cd was enriched 400x and the concentration of Ti

was three orders of magnitude greater in the treated

sample.

To evaluate further the potential contamination from

Clerici solution, the liquid was analyzed to determine the

abundances of the same elements which were analyzed in the

meteoritic minerals. The results of this analysis are in

table 1.

Table 1. Elemental Abundances in Clerici Solution.

Element Concentration a

Au (ppb) 3.6 .01

Co (ppm) 38. .04

Ni (ppm) 1.3 .07

Sc (ppm) 0.009 0.001

Zn (ppm) 0.94 0.007

Se (ppm) 0.07 0.008

Rb (ppm) 0.02 0.004

Cs (ppb) 1.2 0.01

In (ppb) 80. 0.5

La (ppb) 7. 1.

Ce (ppb) 20. 6.

Nd (ppb) 17 3.

Sm (ppb) 1.3 0.05

Eu (ppb) 0.3 0.01

Tb (ppb) 0,2 0.04

Tm (ppb) 0.1 0.008

Yb (ppb) 0.48 0.03

Lu (ppb) 0.10 0.01
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The abundance of In in Clerici solution is about 103

times greater than the whole rock abundances reported by

Keays et al. (1971). The concentrations of In which I ex-

pected to encounter in the minerals were just at the limits

of the sensitivity of the procedures. These two factors

were sufficient cause to disregard the results of the ana-

lyses for In in the minerals.

Nickel, Rb, the REE, Sc and Se had lower concentra-

tions in Clerici solution than the lowest abundances which

were determined in the minerals. Cobalt, Cs, and Au had

concentrations in Clerici solution which were the same

order of magnitude as in the minerals. If the final re-

sults of these elements are affected by Clerici solution,

there must be a mechanism for selective enrichment of the

elements in the minerals. The results of the analysis for

Au indicate that there has been selective enrichment of

this element in some of the non-metallic minerals. The en-

richment is probably a surface phenomena since it is appar-

ently a function of the surface area of the sample.

Gold abundances in plagioclase, diopside and hyper-

sthene from the Leedey meteorite were anomalously high.

The discrepancy is readily apparent when the molar concen-

tration of Au is normalized to the total molar concentra-

tion of siderophilic elements (Co+Ni+Au). The normalized

molar abundance of Au in feldspar was 60 times the whole

rock value; Au abundance in diopside was 25 times the whole
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rock value and the Au abundance in hypersthene was 10 times

the whole rock value.

The feldspar and diopside separates from the Colby

meteorite were gleaned from the portion of the meteorite

which passed through the 325 mesh sieve. The abundance of

Au in these fine grained minerals was greater than in their

courser grained equivalents from Leedey. Normalized molar

Au abundances in feldspar from Colby was 700 times whole

rock values, normalized molar Au abundances in diopside

were 40 times whole rock values.

Gold abundances in non - metallic minerals have been

omitted from the results of this work. The results of the

analyses for the other elements are assumed to be unaf-

fected by Clerici solution.

Leaching of elements during the many rinses which were

done to remove the Clerici solution, may have altered the

elemental abundances in the minerals. Smales et al. (1964)

evaluated the effects of leaching on the alkali content of

chondrites. Powdered samples of several meteorites were

soaked in water under varying conditions of time and tem-

perature. Rubidium and Cs were leached from the rocks.

Each meteorite displayed a characteristic fractionation of

Rb and Cs. The relative fractionation was independent of

varying conditions, although the absolute abundances which

were lost were a direct function of the severity of the
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leaching conditions. The characteristic fractionations for

a meteorite could be duplicated in subsequent experiments.

The relative and absolute degree of Rb and Cs leaching

seem to be a unique property of each meteorite. For this

reason, the results of the experiments from Smales et al.

(1964) are not directly applicable to the effects of leach-

ing in my work. Their cumulate leaching treatments were

more severe than the rinses which were done during the min-

eral separations in this work. The amount of Rb which

Smales et al. (1964) leached from ordinary chondrites

ranged from 10% for Crumlin (L-5) to 0.8% for Modoc (L-6).

The amount of Cs that was leached ranged from 19% to 4.4%

for the same two meteorites.

The effects of water leaching in my work were evalu-

ated qualitatively. After the meteorites had been crushed,

sieved, and the metallic minerals removed, the samples were

placed in triple distilled water. Very fine constituents

were suspended in the water and thus separated from the

coarser mineral grains which settled to the bottom. Water

which was used in this manner for the Alfianello meteorite

was filtered several times through a fine filter. paper. It

was then evaporated to reduce the volume_and transferred to

a quartz irradiation vial in which it was evaporated to

dryness. The vial was sealed and irradiated in the high

flux facility at the University of Missouri. After irradi-

ation, the sample was counted on a Ge(Li) detector, at
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various intervals of time, to obtain a qualitative estimate

of the elements which had been leached into the water.

The elements which could be detected were Ag, Br, Co,

Fe, Ir, Ni, Sc, and Zn.

Nishimura and Sandell (1964) observed that an amount

of Zn corresponding to 0.3 ppm was leached from a meteorite

after two hours in water at room temperature. This obser-

vation accounts for the presence of Zn in the leaching

water from Alfianello. The abundances reported by

Nishimura and Sandell (1964) should not influence the con-

clusions of this work.

In summary, the results of analyses for Ag, Br, Cd,

In and Tl, and Au in non-metallic minerals, have been re-

jected because of contamination from Clerici solution.

Water leaching may produce some problems in evaluating the

abundances of alkali elements, Zn, and siderophilic ele-

ments in the meteoritic minerals.

Cross Contamination Between Minerals

The presence of impurities (minerals other than the

main constituent) is a principal source of erroneous re-

sults in the analysis of separated minerals. Errors can be

of two types: 1) A significant portion of the absolute

quantity of an element is due to the presence of an im-

purity. 2) The contaminants act as diluents to distort the

elemental abundance. Microscopic examination and the re-

sults of X-ray diffractrometry during the mineral
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separations suggested that the major phases were relatively

uncontaminated. The minor phases contained various degrees

of contamination. Two factors probably influenced the pu-

rity of the final separated samples: 1) The quantity of

sample which was available in the final stages of process-

ing. 2) The texture of the rock from which the minerals

were taken.

A brief survey of the literature shows that grain

counting is the most common approach to estimating the pu-

rity of separated minerals. The abundance of the mineral

of interest is determined by counting grains under a micro-

scope. A sufficient number of grains must be counted to

provide a statistically meaningful estimate. In determin-

ing the chemical abundances of elements in minerals, it is

more important to identify the extent and type of the impu-

rities, than the abundance of the major constituent. The

solution to this problem is difficult, particularly for

impurities which are present in small amounts.

I have attempted a different approach to estimating

the abundances of each mineral in separated samples. The

concentration of a mineral was quantitatively estimated

using a major or minor element, which is enriched in that

mineral, as a tracer. The mineral abundances were used to

correct elemental abundances for the presence of contami-

nating minerals. An iterative process was used for making

these corrections to minor and trace element abundances.
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Instrumental neutron activation analysis is well

suited for this method of estimating the purity of samples.

It is a technique which can be used to determine the abun-

dances of many elements without destroying the sample.

Abundances of elements which are to be used as tracers and

the abundances of trace elements can be determined in the

same sample aliquots and a complete analysis can be done on

very small quantities of material. However, INAA does not

provide good sensitivity for some elements which would be

well suited to use as tracers.

Quantitative evaluation of the mineral composition of

each separated sample and the subsequent correction to the

elemental abundances were done using the Oregon State Uni-

versity CDC-3300 computer. A description of the method

will follow.

An element was selected to use as an indicator of the

quantity of each mineral in the separated sample. Ideally,

the indicator was an element which could be considered to

be unique to that mineral. In practice many of the indica-

tor elements were not uniquely associated with one phase.

The abundance of a mineral in the separated sample was

calculated by dividing the concentration of the indicator

element in the separated sample by the abundance of the in-

dicator element in the "pure" mineral. This quantity is

the concentration of the mineral in the separated sample (g

mineral/g sample).
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The elemental abundances in "pure" minerals are pre-

sented in table 2. They generally represent an average of

the abundances in L-6 chondrites as determined using an

electron beam microprobe. Abundances in phosphate minerals

represent an average of two H, two L, and one LL chon-

drites. Within the limits of sensitivity of the analytical

procedures, the elemental abundances in phosphate minerals

do not vary between chondritic subgroups.

Selenium was used as an indicator of the abundance of

troilite in separates other than the one in which troilite

was the major constituent. The abundance of Se in pure

troilite was determined in conjunction with this work. The

major elemental composition of troilite represents the

analysis of a single chondrite. It corresponds to stoi-

chiometric FeS, which agrees with unpublished results ob-

tained on an electron microprobe (David Lang, private com-

munication).

The major element abundances in metallic minerals were

obtained in this work. They represent abundances in fine

grained metal which differ from the bulk composition of the

metallic phase (Rambaldi, 1973).

The indicator elements which were used for each min-

eral in a separated sample are given in table 3.

Many of the indicator elements are not unique to a

single phase. It was necessary to correct the abundance of

these elements in the separated sample for contributions



Table 2. Elemental Abundance in Pure Minerals from L-6 Chondritic Meteorites.

Feldspar Diopside Chromite Metal Apatite Troilite Hypersthene Olivine Whitlockite

Al(%) *11.21 **0.22 2.83 - - - - - _

Na(%) *7.31 **0.52 - - 0.344 - - - 2.34

Ca(%) *1.51 **16032 - - 38.24 - 0,56 - 33.34

Cr(%) - **0.52 38.43 - - 1.005 - - _

V(ppm) - - 48903 - - - - - -

Fe(%) 0.121 **3.92 26.53 56.8 0.384 63.55 10.46 17.26 0.354

Mg(%) - "10.62 1.23 - - - 17.66 24.36 2.044

S(%) - - - - - 36.45 - - -

C1( %) - - - - 5.234 - - - -

Co(ppm) - - - 4380 - - - - -

1 Van Schmus, W.R. and P. H. Ribbe (1968).

2 Van Schmus, W. R. (1969).

3 Bunch, T. E., Klaus Keil and K. G. Snetsinger (1967).

4 Van Schmus, W. R. and P. H. Ribbe (1969).

5 Smyshlyaev, S. I. (1966).

6 Kiel, Klaus and Kurt Fredrickson (1964).

* Moles of Na + Ca + K normalized to 100%.

** Moles of Ca + Fe + Mg normalized to 100%.



Table 3. Indicator Elements for Determination of the Abundances of Mineral Impurities
in Separated Samples

Main Constituent of Separated Sample

Feldspar Diopside Chromite Metal Phosphate Troilite Hypersthene Olivine

Feldspar

Diopside

Chromite

Metal

Apatite

Troilite

Hypersthene

Whitlockite

Al

Ca*

Cr

Co

Se

Mg*

--

Al

Ca*

Cr

Co

411=11

Se

Fe*

--

Na

Ca*

V

Co

Se

Mg*

Na

Ca*

Cr

- -

Se

Mg*

Al

Ca*

Cr

Co

Cl

Se

Mg*

Na*

Na

Ca*

Cr

Co

11101110

Se

Mg*

MS% 0.1

Al

Ca*

Cr

Co

INN Mt

Se

Al

Cr

Co

Se

- _

*Elemental abundance corrected before mineral abundance determined (see text).

-No determination.
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from other minerals. The mineral abundances were then de-

termined by dividing the corrected elemental abundance in

the separated sample by the abundance of the indicator ele-

ment in the "pure" mineral.

The order in which mineral abundances were evaluated

was important because of the lack of uniqueness of some of

the indicator elements. In general, those minerals which

have a unique indicator element were determined first and

corrections were made for their contribution to the abun-

dances of indicator elements for other minerals. After all

the necessary corrections had been made, the abundance of

minerals without a unique indicator element could be cal-

culated using the corrected abundance of the appropriate

indicator element. Olivine and hypersthene did not have

elements which could be used as indicators. No attempt was

made to differentiate between these two minerals. After

the abundance of Mg and Fe had been adjusted for the con-

tributions from all other minerals, the residual was as-

sumed to be due to the presence of hypersthene. This as-

sumption will produce an overcorrection in the worst case,

since the abundances of minor and trace elements in oli-

vine are either equal to or less than the same elemental

abundances in hypersthene. The choice of Fe or Mg as a

tracer depended on the nature of the major constituent.

If one of the two represented a small value resulting from
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the difference of two large values, (Mg in diopside, Fe in

troilite), then the other was used as the tracer.

The abundance of olivine in the separate in which

hypersthene was the major constituent and visa versa were

evaluated using X-ray diffractrometry. The technique was

described in the section on mineral separations.

There was no attempt to quantitatively evaluate the

content of phosphate phases in any separate except the one

in which they were concentrated. A subjective evaluation

of such contamination will be made based upon the quantity

of REE and the shape of the REE distribution curve. This

evaluation will be presented in conjunction with the dis-

cussion of the REE.

After the abundance of each mineral in each separated

sample had been evaluated, the concentration of the minor

and trace elements were corrected. The corrections con-

sisted of subtracting absolute quantities of elements due

to the presence of contaminating phases and adjusting the

concentration of the element according to the weight of the

major constituent in the total sample. These corrections

were done on the computer by an iterative process. Itera-

tions were repeated until the result did not vary from one

iteration to the next by more than 1%. Four iterations

were the most that it was necessary to make.

The constituency of each separated fraction are pre-

sented in table 4.



Table 4. Estimated Contamination Between Phases (g of contaminant/g of separated
sample).

Alfianello

Major Constituent in Separated Sample

Feldspar Diopside Chromite Metal Phosphate Troilite Hypersthene Olivine

Feldspar 0.88 0.08 0.01 0.009 0.084 0.004 0.026 0.003
0.05 0.02 0.003 0.0002 0.002 - 0.0004 0.0001

Diopside 0.01 0.73 0 0.018 0.15 0.003 0.025
0.013 0.02 - 0.0007 - - -

Chromite <0.003 <0.004 0.75 0.003 - - 0.004 <0.001
- - 0.02 - - 0.0005

Metal <0.0007 <0.003 <0.008 - <0.0011 <0.0005 <0.003 <0.002

Phosphate - - - - 0.79 - - -
0.06

Troilite 0.002 0.011 0.19 0.08 0.001 0.96 0.003 0.002
0.0001 - 0.0001 0.0003 - 0.06 - 0.0003

Hypersthene 0.11 0.15 0.05 0.13 0 - - < .05
0.01 0.01 0.008 0.003

Olivine 0.033 - - - 0 - <0.05 -
0.01

Total 1.04 0.97 1.01 1.03 0.97
0.08 0.05 0.03 0.06 0.06

Underlined values are analytical uncertainties.



Table 4. Estimated Contamination Between Phases (g of contaminant/g of separated
sample).

Colby (Wisconsin)

Major Constituent in Separated Sample

Feldspar Diopside Chromite Metal Phosphate Troilite Hypersthene Olivine

Feldspar 0.80 - 0.007 0.016 0.12 0.0033 0.0098 0.0026
0.01 - 0.001 0.0001 0.0002 0.0001

Diopside 0.12 - 0 0.014 0.33 0.004 0.007 -
0,05

Chromite <0.0016 - 0.51 <0.003 <0.0016 0 <0.003 <0.0009
- 0.01 - - - - -

Metal <0.0016 - <0.01 - <0.0016 <0,013 <0.003 <0,004
elI

Phosphate 0.56
0.08

Troilite 0.20 0.0037 0.88 0.007 0.0005
0.001 0.06

Hypersthene 0.20 0 0.14 0.022 <0.05
0.03 0.004 0.001 MN.

Olivine 0.04 0 <0.05 /MO

0.006

Total 1.16 0.73 0.92
0.10 0.01 0.06

Underlined values are analytical uncertainties.



Table 4. Estimated Contamination Between Phases (g of contaminant/g of separated
sample)

Leedey

Major Constituent in Separated Sample

Feldspar Diopside Chromite Metal Phosphate Troilite Hypersthene Olivine

Feldspar 0.90 0.07 - 0.012 - 0.003 0.025 0.001
0.01 0.002 0.0001 - 00001 -

Diopside 0.04 0.86 - 0.0004 - 0 0 -
0.009 0.02 - - -

Chromite <0.009 <0.008 - 0 - 0 <0.004 <0.002

Metal <0.003 <0.0009 <0.04 <0.001 <0.002

Phosphate - - - - - - - -

Troilite 0.003 0.006 - 0.003 - 0.85 0.002 0.0006
- - - 0.06 - -

Hypersthene 0.13 0.10 - 0.074 - 0.007 - <0.05
0.02 0.01 0.005 0.0006

Olivine - - - - - - <0.05

Total 1.09 1.04 0.90
0.04 0.03 0.07

Underlined values are analytical uncertainties.
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The results substantiate the earlier observation con-

cerning the factors which determined the purity of the sam-

ples. The influence of the texture of the rock apparently

manifests itself in the Colby meteorite which consistently

produced impure separates. Major phases were the most free

of contaminants, and the purity of separated samples de-

creased in direct relationship to the amount of the major

constituent in the whole rock.

The uncertainties which resulted from the calculation

are propagated from the errors associated with the chemical

analyses. The method of propagation was taken from Young

(1962). There are uncertainties in the corrected abun-

dances which could not be evaluated quantitatively. Pro-

bably the worst source of error lies in the assumption that

the average elemental composition of L-6 chondrites is re-

presentative of the composition of any single L-6 chondrite,

It is also incorrect to assume that the concentration of an

element in a mineral is representative of the entire popu-

lation of that mineral in the rock. For instance, this

assumption does not hold for the siderophilic elements. I

have demonstrated that small grains of metallic minerals

have a different elemental composition than the bulk of the

metal in the meteorite. This observation has been substan-

tiated by Rambaldi (1973). Other minerals may also have

heterogeneous elemental distributions throughout the whole

rock.
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I feel that this method of correcting elemental abun-

dances in minerals was modestly successful. The method is

crude in many instances but the final results have some

consistency. The line labeled "Total" in table 4 is the

ratio of the calculated weight of the separated sample to

the actual weight of the sample. In most of the minerals,

where the total could be determined, the agreement was

good. Chromite in the Colby meteorite was the only mineral

which had a large discrepancy. Those separates for which

there is no total were samples where the quantity of the

major constituent could not be determined directly. In

those cases the abundance of the major mineral was assumed

to be the difference between the total weight of the sample

and the calculated weight of the impurities.

The corrections to the data by these methods accen-

tuate the obvious characteristics of the minor and trace

element distributions. However, the subtle characteristics

are still subject to ambiguous interpretations in many in-

stances. In these cases, an attempt to evaluate the pos-

sible effects of contaminating phases will be made using a

more subjective approach to the problem. These cases will

be discussed as they arise.

A detailed example of the correction to Alfianello

feldspar separate is presented in appendix C.
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Elemental Abundances in Minerals from L-6
Chondritic Meteorites

Introduction

Uncorrected elemental abundances in separated samples

from the three L-6 chondritic meteorites are presented in

tables lA and 2A of appendix A. The tables do not include

results for elements which were thought to be contaminated

by pre-analysis handling.

To evaluate the precision and accuracy of the analyti-

cal procedures, USGS standard rock BCR-1 and portions of

the whole meteorites were analyzed in conjunction with the

minerals. The results of these analyses are presented in

table 5. Elemental abundances in this table represent the

weighted averages of several analyses. The number of re-

sults included in the averages are in parentheses. Under-

lined values are standard deviations from the mean. No es-

timate of uncertainty has been included for the results

from a single analysis. Elemental abundances from the lit-

erature are included in table 5 for purposes of comparison.

Control samples were analyzed to provide an evaluation

of the accuracy and precision of the analytical techniques.

Heterogeneous distribution of elements will also affect the

accuracy and precision of the results. This is particu-

larly true. for. elements which are concentrated in minor

minerals. This fact should be considered in evaluating the

procedures.



Table 5. Elemental Abundances in Standard Rocks and Whole Meteorites.

BCR*

BCR
Literature

Values FCC*

PCC1

Literature
Values Alfianello* Colby* Leedey*

L-62
Literature

Values

Al (%) (10) 7. 1 7.217 (2) 1. 18 (4) 1. 13 (4) 1. 15 1. 10
0. 2 0.03 0. 05 O. 03 1.00 -1. 31

Na (%) (15) 2.45 2. 421 (6) 0. 74 (4) 0. 73 (9) 0. 73 0. 66
0.08 0.04 0.02 0.04 0.08

1
Ca (%) (7) 4. 93 4. 94 - - (3) 1. 26 (2) 1. 19 (4) 1. 27 1. 28

0. 19 0. 18 0.03 0. 16 1.22 -1. 35

Cr (ppm) - - - (2) 3290 (3) 3140 (2) 2890 3800
600 550 300 400

1
V ((ppm) (11) 424 399 (7) 31 30 (3) 80 (3) 74 (3) 74 65

18 4304 4 6 7 3 45-94
1

Fe (%) (5) 9.9 9. 37 (2) 20. 7 (1) 20. 2 (1) 21. 1 21.81
O. 6 O. 3 20. 15-23. 61

Mg (%) (5) 2.5 2.081 (5) 26.0 26.04 (4) 14. 1 (1) 14. 3 (2) 14. 0 15. 2
0.4 0.4 1 0.5 14. 5-15. 8

Se (ppm) (2) 0.097 0.0953 - (2) 10.3 (3) 10.5 (2) 11.7 8. 9
0.009 0.5 0. 6 0. 2 1. 4-16

Ni (%) - - (2) 1. 23 (4) 1. 33 (3) 1. 18 1. 15

0. 18 0. 18 0.09 0. 39-1. 57
3

Co (ppm) (5) 33 36 - - (3) 568 (4) 566 (3) 534 530
S 66 15 73 260-870

Au (ppb) (1) 0.73 - - (4) 170 (4) 155 (2) 153 170
0. 43-1. 333 20 19 7

1
K (%) (2) 1. 23 1. 41 - -

0.03



Table 5, Continued

BCR*

BCR PCC
1

Literature Literature
Values PCC* Values Alfianello* Colby* Leedey*

L-62
Literature

Values

Rb (ppm) (1) 46.7 46.6
1

(2) 3.4 (2) 2.6 (1) 3. 1 2, 7**
1 0.05 2.62-2. 81

Cs (ppb) (3) 830 9501 (2) 5.4 (2) 7. 1 (1) 2.9 82
98 9203 1 1 2.96 -288

Zn (ppm) (3) 141 1201 (4) 60 (3) 70 (2) 53 58
2 1324 4 6 4 8-102

Mn (%) (10) O. 131 0, 1121 (3) 0.235 (3) 0.24 (3) 0.24 0, 246
0.004 O. 1344 0.01 0.02 0.01 0.015

Sc (ppm) 33 1 (2) 8.08 (3) 8.92 8.9 7. 8
2 0.5 1 1.1

1

2

Flanagan, F. J. (1973)

Mason, Brian, Ed. Handbook of Elemental Abundances in Meteorites. Gordon and Breach Science Publishers.
3
Laul, J. C. Reid R. Keays, R. Ganapathy, Edward Anders, and John W. Morgan. (1971)

4Laul, J, C. and R. A. Schmitt. (1973)

*Values represent weighted averages.

**Ten analyses on the same L-6 meteorite (Bruderheim).

( ) Number of analyses which were included in the average.

Standard deviation from the mean value.

- No analysis.
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Corrected abundances for major elements are presented

in table 6. These are elements which were meant to be used

as indicator elements in the corrections for contamination.

They will only be discussed in this context.

Corrected abundances for trace elements and minor ele-

ments will be presented and discussed individually. The

distribution of these elements in the whole meteorites has

been examined and the whole rock elemental abundances have

been calculated from the abundances in the constituent min-

erals. These abundances were calculated using the equa-

tion:

A = E wiai

A is the whole rock abundance of element A; ai is the abun-

dance of A in mineral i; wi is the fraction of mineral i in

thewholerock.Thevaluesforw.were taken from Van

Schmus (1969); they are presented in table 8. I have arbi-

trarily selected values to use in the mass balances from

the range of values reported in Van Schmus (1969). This

arbitrary choice contributes to the uncertainty of the cal-

culations.

Aluminum and the Alkali Elements

The abundances of Al and Na in the control samples

agree, within the limits of the standard deviations, with

the abundance in BCR-1 reported by Flanagan (1973) and the

average values for L-6 chondrites reported by Goles (1971)
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Table 6. Corrected Major Element Abundances in Minerals from L-6 Chondritic Meteorites.

Feldspar Diopside Chromite Metal Phosphate Troilite Hypersthene Olivine

Alfianello
Al (%) 11.2 0, 6 3. 1 N. P. 0.6 0.6 N, P. N. P.

0. 8 0.5 0. 1 0.04 0.03

Na (%) 7. 5 0. 4 N. P. N. P. 1. 5 0. 2 N. P. N. P.

0.4 0.2 0.04 0, 01

Ca (%) 1.5 16.2 N.P. N, P. 37 N.P. 0.5 N.P.
O. 5 0.4 0.8 0, 1

Fe (%) N. P. 3, 9 23 85 N. P. 59 12 18

0.3 2 4 4 0,6 1

Mg (%) N. P. 9.3 1.2 N. P. N. P. N. P. 17 23

O. 3 0. 2 O. 4 1

S (%) - - - 36

3

-

Cl (%) - - 3.3 -
0. 1

Colby (Wisconsin)
Al (%) 11.2

0. 2
3. 3
0.1

0, 05
0.002

N. P, 0.02
0.002

0.04
0.004

N. P.

Na (%) 7.0 N. P. N. P. 2. 8 N. P. N. P. N. P.

0. 1 0. 2

Ca (%) 2.0
0. 3

N, P. N. P. 43

4
N. P, 0.6

0.08
N. P.

Fe (%) N. P. 46 75 N. P, 69 12. 5 18. 7
1 3 4 O. 3 0.4

Mg (% ) N. P. N. P. N. P. N. P. N. P. 16.9 22. 7
0. 5 0. 7

S (%) 36

3

CI (%) 2, 1

0.2

Leedey
Al (%) 11.2 0.27 0.6 0.26 N.P. N.P.

0. 1 0.03 0.008 0.02
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Table 6. Continued.

Feldspar Diopside Chromite Metal Phosphate Troilite Hypersthene Olivine

Na (%) 6. 8 0.20 N. P. 0. 14 0.006 N. P.
0. 1 0.02 Q01 0.002

Ca (%) 1. 5 16.3 N. P, N. p. 0. 49 N. P.
0. 4 O. 5 0, 06

Fe (%) N. P. 3.9 74 67 10,8 17.8
O. 3 2 4 O. 1 O. 4

Mg (%) N. P. 10.9 N. P. N. P. 19.4 22.6
0. 4 0. 4 0. 6

N. P. Corrected to zero or not detected in analysis.
- No analysis performed.
Underlined values are standard deviations.



Table 7. Mass Balance for Minor and Trace Elements.
Feldspar

(10%)
Diopside

(5%)

Hypersthene Olivine
(25 %) (45%)

Phosphate
(0. 6%)

Troilite
(5%)

Chromite Metal
(0. 5%) (10%)

Calculated
Whole Rock

Analyzed
Whole Rock

Ni (ppm )
Alfianello 4. 1 9, 3 29.3 33. 8 < 1 12, 9 2, 3 14200 1.42 %± 0, 08 1, 23%± O. 2

Colby (Wisc) 12. 5 31.8 66.6 < 1 50.5 7. S 22400 2, 24%±. 0.01 1, 33%e 0. 2

Leedey 1 1.5 5 20.3 15, 9 22000 2, 2% f 0, 002 1. 18% ±. 0. 09

Co (ppm )
Alfianello < 1 1.0 3, 0 4. 5 < 1 1. 2 <1 550 550 e 0, 04 568 ±66

Colby (Wisc) < 1 - 3. 8 8. 1 < 1 3. 25 <1 550 550 ± 0. 04 566 ±.15

Leedey < 1 < 1 1. 5 4. 1 < 1 1.0 4800 480 ± 0. 04 534 ,± 73

Au (ppb )
Alfianello 210 210 ±:10 170 ±20

Colby (Wisc) 160 160 ± 1 155 e19

Leedey 270 270 ± 2 153 ± 6

2n (Pln)
Alfianello 0. 5 1 16.3 28 - <1 13.7 1, 5 60 ± 0. 9 60 ± 4

Colby (Wise) 0. 5 17 30 < 1 < 1 13. 7 3. 1 64 e 0. 3 70 ± 6

Leedey 2 15, 3 26 < 1 1, 7

Mn (Pim)
Alfianello < 1 80 840 1440 <1 6 24 < 1 2400 ± 15 2350 ±, 100

Colby (Wisc) < 1 900 1530 <1 4 24 < 1 2450 ± 100 2400 e 200

Leedey < 1 75 780 1377 2 - 1 2200 ± 20 2400 .± 100

Sc (ppm )
Alfianello < 1 6.4 3, 6 1. 3 <1 < 1 <1 < 1 11.3 ± 0. 4 8. 1 e 2

Colby (Wise) < 1 2, 4 0.9 <1 < 1 <1 < 1

Leedey < 1 6.8 2, 4 0.9 < 1 10. 1 .± 0.02 8. 9 .± 1



Table 7. Continued
Feldspar

(10%)
Diopside

(5%)
Hypersthene Olivine

(25%1 (45%)
Phosphate

(0.6%)
Troilite

(5%)

Chromite
(0. 5 %)

Metal
(10%)

Calculated
Whole Rock

Analyzed
Whole Rock

Rb (ppm)
Alfianello 2.5 - - - - - 2.5 .± 0.1 3.4 / 1

Colby (Wisc) 2.4 - - - - - 2.4 ± 0.04 2.6 ± 0.5

Leedey 2.3 - - - - - - 2.3.1 0.04 3.1

Cs (ppb )
Alfianello 2.3 0.24 0.63 0.72 0.02 0.02 0.04 4.0 ± 0.1 5.4 ± 1

Colby (Wisc) 2.4 - 0.075 0.77 - 0.07 0.01 0.88 4.2 .± 0.3 7.1.1 1

Leedey 1.7 0.31 0.43 1.3 0.07 0.11 3.9 f (). 2 2.9

Cr (ppm)
Alfianello 125 360 413 225 1 7 1650 2780 1 300 3300 ± 600

Colby (Wisc) 149 - 300 150 6 15 1300 - 1920 ± 190 3140 1 550

Leedey - 420 438 275 - 4

V (PPm)
Alfianello 4.4 23 16 7 0.1 0.4 25 76 80 1 6

Colby (Wisc) 4.6 13 - 0.6 25 -

Leedey 4.2 21 18 11 0.8 0.2 -

Se (ppm)
Alfianello - - - 8.6 - 8.6.1 0.5 10.3.1 0.5

Colby (Wise) - - - 8.3 8.3 ± 0.6 10.5 ± 0.6

Leedey - - - 8.7 8.7.1 0.5 11.7.1 0.2
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Table 8. Fraction of Minerals in Whole L-6 Chondrites

Mineral Range Fraction Used in Mass Balances

Olivine .45-.49 0.45

Hypersthene ,21 -.25 0.25

Diopside .04-.05 0.05

Feldspar .09-.1 0.1

Troilite .05-.06 0.05

Chromite 0.005 0.005

Phosphates 0.006 0.006

Kamacite 0.06-0.08 0.08

Taenite 0.02-0.03 0.02

and Mason (1971). Standard deviations range from 3% to 4%

for Al abundances and 3% to 5% for Na abundances. Proce-

dures for the determination of these two elements are accu-

rate and reproducible.

Results of the analyses for Rb and Cs are more diffi-

cult to evaluate. A single Rb analysis on BCR produced a

result which agrees identically with the values reported by

Laul et al. (1972) and Flanagan (1973). Rubidium abun-

dances in the whole meteorites are included in the range of

values reported by Goles (1971) and Keays et al. (1971) for

three different L-6 meteorites. The standard deviations

for duplicate analyses on Alfianello and Colby were 30% and

20% respectively. These large standard deviations may be

indicative of the heterogeneous distribution of this
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element rather than the reproducibility of the analyses.

Keays et al. (1971) performed several analyses for Rb on

two L-6 chondrites, The results for analyses of individual

chondrites varied by 25%. Triplicate Cs analyses on BCR-1

produced an average value which is 10% less than the abun-

dances reported in Flanagan (1973) and Laul et al. (1972).

However, the Cs distribution in BCR is somewhat hetero-

geneous (J. C. Laul, personal communication) and the results

of my analyses can be considered to be accurate. Cesium

abundances in meteorites are notoriously heterogeneous

(Smales et al., 1964), consequently they do not provide

comparisons for quantitative evaluation of the analyses for

Cs. Results of my work are in general agreement with the

reported abundances of Cs in ordinary chondrites (Smales et

al., 1964).

An accurate evaluation of the abundance of feldspar

impurities is imperative to obtain accurate values for the

abundances Eu, Rb,and Cs in the other minerals. These are

elements which are concentrated in feldspar. The abundance

of feldspar in each separated sample has been calculated

using Na, Al, and Rb as indicator elements. The results of

the calculations and the average values and standard devi-

ations are presented in table 9. The precision with which

feldspar contamination can be estimated deteriorates as the

absolute quantities of the elements decrease. The deterio-

ration is probably due to the decrease of analytical
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Table 9. Estimates of Feldspar Contamination using Na, Al,
and Rb as Tracers (g feldspar/g sample).

Al Na Rb Ave.
Std.
Dev.

Feldspar

Alfianello 0.88 0.89 0.885 0.007
Colby 0.80 0.76 0.78 0.02
Leedey 0.90 0.84 0.87 0.04

Diopside

Alfianello 0.12 0.12 0.08 0.107 0.02
Leedey 0.096 0.11 0.073 0.093 0.02

Olivine

Alfianello 0.004 0.003 0.005 0.004 0.001
Colby 0.003 0.003 0.005 0.004 0.0012
Leedey 0.004 0.004 0.005 0.004 0.0006

Hypersthene

Alfianello 0.029 0.026 0.026 0.027 0.0016
Colby 0.014 0.010 0.011 0.012 0.002
Leedey 0.025 0.025 0.029 0.026 0.002

Phosphate

Alfianello 0.13 * 0.08 0.105 0.036
Colby 0.12 * 0.16 0.14 0.028

Chromite

Alfianello * 0.01 0.07 0.04 0.042
Colby * 0.007 0.009 0.008 0.001

Troilite

Alfianello 0.006 0.003 0.003 0.004 0.0001
Colby 0.004 0.003 0.004 0.004 0.0006
Leedey 0.002 0.002 0.003 0.002 0.0007

Metal

Alfianello 0.015 0.014 0.009 0.013 0.003
Colby 0.021 0.016 0.02 0.02 0.003
Leedey 0.017 0.011 0.014 0.014 0.003

* Large indigenous quantities of the tracer element
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precision as the absolute abundances approach the limits of

detection. Standard deviations range from 0.8% to 4.8% for

determination of the abundance of feldspar in the sample in

which feldspar is the major constituent. Uncertainties for

the estimation of the abundance of feldspar in the hyper-

sthene separates range from 6% to 18%. Standard deviations

for the estimates in other mineral samples range broadly

from 14% to 34%.

Chromite separated from the Alfianello meteorite has

an anomalously high abundance of Rb; it is enriched seven

times relative to Na. The enrichment may be due to the

presence of trace alkali elements at the grain boundaries.

This subject will be discussed further.

Small indigenous quantities of Na and Al in diopside

provide systematically high estimates of feldspar abun-

dances. Feldspar impurities in diopside are calculated

using Rb as a tracer. I will assume that all Na, Al, and

Rb in the other separated samples are due to feldspar con-

tamination (except Rb in chromite from Alfianello). With

this assumption, the average abundance of feldspar given

in table 9 will be used to make corrections for feldspar

contamination. Standard deviations in table 9 will be used

in calculating the uncertainty of the corrected elemental

abundances.

Corrected Rb abundances in the meteoritic minerals are

presented in table 10. All values are upper limits except



Table 10. Corrected Rubidium Abundances in Minerals from L-6 Chondritic Minerals
(10-6 g/g)

Feldspar Diopside Hypersthene Olivine Phosphate Troilite Chromite Metal

Alfianello 25 <2,4 <0.6 <0.1 <2.3 <0.08 (1.8) <0.26
(L-6) 1 0007 0.01 0.003 0.2 00005 006 0001

Colby 24 <0.2 <0.09 <5.0 <0.09 <0.4 <0.46
(Wisc)(L-6) 0.4 00004 0.004 007 0.007 0.05 0001

Leedey 23 <1.8 <0.6 <001 <0.07 <0.34
(L-6) 004 0008 0.01 0001 0.005 0008

1Modoc 28

1 Allen and Mason (1973)

No analysis

( ) Results probably due to contamination

Underlined values are analytical uncertainties
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feldspars and the suspicious Rb abundance in Alfianello

chromite. The mass balances for Rb (table 7) show that

most of the Rb in the whole rocks is in the feldspar min-

erals. Two of the three calculated whole rock abundances

lie within the large standard deviations of the results of

the whole rock analyses. The study of Rb and Cs in chon-

drites by Smales et al. (1964) indicates that Rb does not

reside exclusively in feldspar; the coefficient of varia-

tion for Rb in 29 ordinary chondrites was 29%. This is in

contrast to the major alkalic cations in feldspar minerals,

Na and K, which have coefficients of variation of 5-10% in

the same rocks. If Rb were singularly associated with

plagioclase or oligoclase, it would have the same whole

rock distribution characteristics as Na or K. A small por-

tion of the total Rb either resides in a phase which I did

not analyze, or it is present in major minerals in quanti-

ties which I could not differentiate from the Rb contribu-

tion from feldspar contaminants.

Cesium is even more diffuse than Rb in ordinary chon-

drites. Smales et al. (1964) determined that Cs had a co-

efficient of variation of 83% in 29 ordinary chondrites.

The results of my analyses show the heterogeneous character

of Cs, Corrected Cs abundances in table 11 show the ele-

ment to be nearly ubiquitous among the constituents of

these meteorites. Mass balances in table 7 indicate that



Table 110 Corrected Cesium Abundances in Minerals from L-6 Chondritic Meteorites
(10-9 g /g)

Feldspar Diopside Hypersthene Olivine Phosphate Troilite Chromite Metal

Alfianello 23 4.8 2.5 1.6 N.P. 0.3 4.0 0.4
(L-6) 1 0.7 0.1 0.06 0.1 002 0.1

Colby 24 003 1.7 N.P. 104 200 8.8
(Wisc) (L -6) 3 0006 0.08 001 0.3 0.1

Leedey 17 6.2 1.7 2.8 1.3 1.1
(L-6) 1 0.5 0.02 0.4 001 0.09

No analysis

N.P. No detectable quantities of Cs

Underlined values are analytical uncertainties
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about half of the total Cs in the whole rock is associated

with feldspar; the rest is randomly distributed among other

minerals.

Measurable quantities of Cs in minerals other than

feldspar almost certainly does not represent diadochy of Cs

in those minerals. Univalent Cs has an ionic radius of
0

'N,108A, it is much too large to be accommodated in cationic

lattice positions of most igneous minerals. The anomalous

association of Cs and the meteoritic minerals are empha-

sized by the high concentration of Cs, a lithophilic ele-

ment, in the metallic minerals taken from Colby.

The ubiquitous nature of Cs is probably due to the en-

richment of the element at grain boundaries and intersti-

tial sites in the meteorites. Major portions of Rb and Cs

reside at intergranular sites in terrestrial mafic and

ultramafic rocks. Dasch and Green (1973) observed this

interstitial relationship for Rb in terrestrial ultramafic

nodules (Lherzolite). Leaching experiments on ordinary

chondrites by Smales et al. (1964) show that portions of

Cs and Rb are associated with water soluble phases. Leach-

ing of ordinary chondrites under various conditions of time

and temperature depleted the abundances of Cs and Rb. The

depletion was more pronounced for Cs than for Rb, which

would imply.that a larger component of Cs than Rb is asso-

ciated with the water soluble phases.
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If large portions of Cs reside in accessory phases at

interstitial sites, and the apparent concentration of Cs in

the meteoritic minerals (except feldspar) is due to con-

tamination by these accessory phases, then the mass balance

for Cs in table 7 is meaningless.

Potassium was analyzed in feldspars from Alfianello

and Colby meteorites. The corrected abundances are pre-

sented in Table 12.

Table 12. Corrected Potassium Abundances in Feldspars from
L-6 Chondritic Meteorites (10-2 g/g).

Feldspar

Alfianello (L-6)

Colby (Wisconsin) (L-6)

0.77
0.06

0.74
0.08

Underlined values are analytical uncertainties

Calcium

Calcium abundances of many of the samples were near

the limits of detection of the analytical procedures.

Counting statistics limited the uncertainty of the analysis

for Ca in hypersthene, olivine, and other minerals with

small quantities of Ca, to 10-15%. The deterioration of

the precision of the analysis with decreasing absolute

quantities.of.Ca is shown in the Ca results for the whole

chondrites and BCR-1 (table 5). Abundances of Ca in BCR-1,

which contains about 5% Ca, have a standard deviation of
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4%. Calcium abundances in the meteorites are about 4 times

less than BCR-1. Average Ca abundances determined for two

of the meteorites have standard deviations of 13% and 14%.

The third meteorite had a 4% standard deviation for the

average Ca abundance.

The average values of Ca abundances determined in this

work agree, within the standard deviations, with the Ca

abundances in BCR-1, reported by Flanagan (1973) and in L-6

chondrites reported by Mason (1971). Analyses for Ca are

accurate. The statistical uncertainties in the analysis of

small quantities of Ca restrict the reproducibility of some

of the results.

Calcium was used as an indicator element for the pre-

sence of diopside in the separated samples. Feldspar con-

tributions to the Ca abundance had to be subtracted before

the abundance of diopside could be calculated (see appendix

C). The technique was successful in samples where diopside

was the primary constituent, i.e., when Ca from other min-

erals was minimal compared to Ca due to the presence of

diopside. The corrected composition of the diopside sepa-

rates substantiate the validity of the corrections. The

composition of diopsides, expressed as mole percent of the

cations, are Ca47Mg4sFee for the Alfianello meteorite and

Ca44Mg48Fee.for the Leedey meteorite. These compare fa-

vorably with Ca4sMg47Fee, the average composition of Ca

clinopyroxenes in L-6 chondrites (Van Schmus, 1969).
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Calcium is not a reliable indicator of diopside con-

tamination in other minerals. The lack of analytical pre-

cision for small quantities of Ca restricts the precision

of the estimates of diopside contamination. The residual

Ca abundance, after a correction for the contribution of

feldspar, was often a small number resulting from the dif-

ference of two large numbers. The uncertainty associated

with values obtained in this way are large. Finally, the

effectiveness of Ca as an indicator of the presence of

diopside is severely restricted by major and minor quanti-

ties of the element in other minerals. Phosphate minerals

contain 33-38% Ca (Van Schmus and Ribbe, 1969; Fuchs, 1969),

and hypersthene contains about 0.5% Ca (Keil and Fredrick-

son, 1964).

Chromium and Vanadium

Chromium analyses were performed by INAA using one of

the whole meteorites as the standard. The average abun-

dance of Cr in L-6 chondrites reported by Goles (1971) was

used as the Cr abundance in the chondrite which was used as

a standard. The standard deviation for the average Cr

abundance in L-6 chondrites is 11%, which inhibits the

reliability.of the analyses of this element. Two of the

meteorites agree, within the limits of the standard devia-

tion, with the average Cr abundances in L-6 chondrites

(Goles, 1971). The Cr abundances in Alfianello agree very
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well with the abundances in this same meteorite reported by

Schmitt et al., (1972). The abundance Cr determined in the

Leedey meteorite is 24% less than the average abundance in

L-6 chondrites and does not fall within the limits of the

standard deviation.

The low abundance in Leedey and the lack of good pre-

cision in all the samples may be due to counting losses

during the gamma ray counting of the samples. Some of the

samples had very high levels of radioactivity after the

high flux irradiation. Even counting at great distances

from the detector did not reduce the count rates to levels

at which the spectrometer could function in an optimum

fashion. These effects may be restricted to samples which

contained high abundances of Cr, Fe, and Co, these being

the elements which produced a large portion of the activity

in the samples.

Vanadium abundances in BCR-1 are nearly identical to

the results reported by Laul and Schmitt (1972). They are

6% greater than the average value reported by Flanagan

(1973). My average V abundances in PCC agree with the

abundances of V in this standard rock reported by Flanagan

(1973). The whole meteorite abundances of V are within the

range of values in L-6 meteorites reported by Pelly and

Lipschutz (1971). My average values are 14% to 25% higher

than the average values reported by Pelly and Lipschutz
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(1971); they do not report standard deviations with their

average results.

Uncertainties from the counting statistics produce a

decrease in the precision of the results as the absolute

quantities of V in the samples decreased. The average V

abundances in BCR (424 ppm V) had a standard deviation of

4%; in the whole rocks (74-80 ppm V) the standard deviation

ranged from 4%-9%; in PCC-1 (30 ppm V) the standard devi-

ation was 12% of the average V abundance.

Vanadium was used as the indicator element for the

abundance of chromite in the chromite enriched separated

samples. This choice produced good agreement between cor-

rected Zn and Mn abundances in chromite from the Alfianello

meteorite, and in chromite from the Colby meteorite (tables

20 and 21). Corrected Mn abundances in chromite from these

two meteorites are 4800 ppm. Bunch et al. (1967) measured

the Mn abundances in chromite from eight L-6 chondrites

using the electron beam microprobe; four of the chondrites

have Mn abundances in chromite which cluster around 4700

ppm, the other four range broadly up to 7800 ppm. The Mn

abundances around 4700 ppm agree very well with the cor-

rected Mn abundances from my work.

The corrected Cr abundance for chromite from Alfianello

is 33% ±3.4 which agrees favorably with the Cr abundance of

38% reported by Bunch et al. (1967). The Cr abundance in

chromite from Colby was determined to be 26%±3, agreement
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with the results of Bunch et al. (1967) is not good. The

discrepancy may be due to counting losses which were dis-

cussed previously.

Chromium was initially used as an indicator element to

determine the chromite abundance in the separated samples.

Correlation of Cr and V abundances indicate that the pre-

sence of the elements in many minerals is not due to chro-

mite impurities. Figure 2 is a plot of Cr abundance vs. V

abundance in all the meteoritic minerals except chromite.

If the feldspar which has a high concentration of Cr and

the two metallic minerals are omitted, the remaining min-

erals have a strong linear correlation. A least squared

fit of these Cr and V abundances fits the equation [Cr] =

318 + 17 [V]. If these elemental abundances were due to

thp presence of chromite, the path of covariance would be

described by the equation [Cr] = 78 [V]. The intercept

would be zero since the complete lack of chromite would

correspond to no Cr or V in the sample. This equation is

plotted in figure 2 and labelled as "chromite contamina-

tion". Feldspar from the Leedey meteorite closely fits the

chromite contamination curve. A high abundance of Zn (an

element highly enriched in chromite) in this feldspar sub-

stantiates that the sample is contaminated with chromite.

Clearly the Cr-V correlation in the rest of the minerals

differs from the covariance which would be attributed to

chromite contamination°
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Figure 2. V vs Cr Abundance in Meteoritic Silicates. (Open
Symbols - Results from Allen and Mason, 1973.)
(Chromite Contamination - Path of covariance if Cr
and V abundances were due to the presence of small
quantities of chromite.)
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The Cr-V abundances in the minerals might be partially

from the presence of chromite and partially from indigenous

quantities of Cr and V in these minerals. If this were the

case, I would expect a larger scatter of points in the Cr-V

correlation than are shown in figure 2. The ratio of Cr/V

would be very sensitive to variations in the quantity of

chromite contamination since this ratio is so high in chro-

mite. Perhaps the two metallic minerals and one of the

feldspars contain sufficient chromite to distort the in-

digenous Cr and V abundances. These three minerals lie be-

tween the chromite and "non-chromite" correlations in

figure 2.

Chromium and V are significantly enriched in Ca rich

clinopyroxene relative to the other minerals. It is pos-

sible that the presence of diopside impurities are responsi-

ble for the Cr and V abundances in the other minerals. I

have calculated the abundance of Sc and Ca, two elements

which are also relatively enriched in diopside, in olivine,

hypersthene, and feldspar assuming that all Cr in these

minerals was due to the presence of diopside. For instance,

I calculated the abundance of diopside in the other min-

erals using Cr as the indicator element:

Diopside abundance = Cr in sample/Cr in diopside

I then calculated the abundances of Sc and Ca:

Elemental abundance in sample = Elemental abun-

dance in diopside x Diopside abundance in sample
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If the Cr in other minerals were due to the presence

of diopside, the Ca and Sc abundances which were analyzed

in these minerals should be equal to or greater than the

calculated abundances. The calculated and measured abun-

dances of Sc and Ca are presented in table 13. In every

case the calculated abundances are greater than the abun-

dances which were determined by analysis. The result indi-

cates that the Cr abundances in olivine, hypersthene and

feldspar cannot be attributed to the presence of diopside

impurities in the sample.

Table 13. Calculated and Analyzed Abundances of Sc and Ca
in Silicate Minerals (see text).

Sc Abundance (ppm)
calc'd measured

Ca Abundance (%)
calc'd measured

Alfianello

Feldspar 22±3 4 ±3 3.1±0.4 1.5 ±0.2
Hypersthene 29±4 14 ±0.3 3.7±0.6 0.9 ±0.1
Olivine 9±1 2.9±0.2 1.1±0.2 0.08±0.03

Leedey

Hypersthene 28±4 9.4±0.05 3,4 ±0.5 0.5 ±0.06
Olivine 10±1.5 2,0 ±0,03 1.2±0.2 N.D.

Colby

Feldspar 25±4 6.4±0.1 3.1±0.5 3.1 ±0.6
Hypersthene 20±3 9.3±0.08 2,5 ±0.04 0.6 ± .08

Having demonstrated that the presence of Cr and V in

the meteoritic minerals is not attributable to the presence

of chromite or diopside impurities, I will assume that the

abundances which were measured are indigenous to the min-

erals. The corrected abundances of Cr and V in chondritic
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minerals are presented in tables 14 and 15. Corrections

were made only for the dilution effect of contaminating

minerals.

Mass balances for Cr and V in those meteorites which

contain a full compliment of Cr and V bearing minerals are

presented in table 7. The mass balance for Cr in

Alfianello agrees within the limits of the standard devi-

ation with the analyzed Cr abundance. The calculated whole

rock abundance for the Colby meteorite is 40% low compared

to the analyzed abundances. Both of the calculated abun-

dances would agree closely with the analyzed abundances if

the concentration of Cr in chromite from Bunch et al.

(1967) were used in the calculating the mass balance.

The calculated abundance of V in Alfianello agrees

very well with the analyzed abundance (table 7). No esti-

mate of uncertainty has been included in the calculated

abundance of V because the concentration of V in chromite

was adjusted to agree with the average V abundance in L-6

chondrites. No mass balance was made for Colby or Leedey

because minerals from these two meteorites which contain

significant quantities of V were not analyzed.

A significant fraction of the total Cr and V in the

whole rock are in minerals other than chromite. About 30%

of the Cr is contained in the four silicate minerals. Two-

thirds of the V resides in minerals other than chromite,

nearly 1/3 of the total V is in diopside. Clearly minerals



Table 14. Corrected Chromium Abundances in the Minerals from L-6 Chondritic
Meteorites (10" g/g)

Feldspar Diopside Hypersthene Olivine Phosphate Troilite Chromite Metal

Alfianello 1250 7200 1650 500 190 130 33 % (1740)
(L-6) 130 760 170 50 30 14 3.4% 180

Colby 1490 ...... 1200 330 1080 300 26 %***(1500)
(Wisc)(L-6) 160 126 35 150 32 3 160

Leedey (4100) 8400 1750 610 -- 70 MO M.

(L-6) 430 884 184 64 7

1Holbrook 3930
(L-6) 80

1Shaw 7060*
(L-6) 130

2Chgteu- 1200
Renard(L-6)

lAppley 1084 2810
Bridge(LL-6) 19 50

3Modoc-1 < 200** 3900 2200 600 340 290
(L-6)

Modoc-2 4100 800 350 140
(L-6)

lArgonia 339
(P) 17

lEagle Station 211
(P) 18

1Glorietta Mt. 430
(P) 10



Table 14. continued

Feldspar Diopside Hypersthene Olivine Phosphate Troilite Chromite Metal

1Mt. Dyring
(P)

284
14

1Springwater 184
(P) 8

4Ave. L
Chondrite 38.4%

1 Goles (1971)

2 Binns (1970)

3 Allen and Mason (1973)
4 Bunch et al. (1967)

90% orthopyroxene, 10% Cr Diopside
** Analyzed by Electron Beam Microprobe

*** Integrity of result in doubt

No analysis

( ) Abundance influenced by the presence of chromite

(P) Pallasite meteorite

Modoc-1 Analyzed by INAA

Modoc-2 Analyzed by Spark Source Mass Spectrometry

Underlined values are analytical uncertainties



Table 15. Corrected Vanadium Abundances in Chondritic Minerals (10-6 g/g)

Feldspar Diopside Hypersthene Olivine Phosphate Troilite Chromite Metal

Alfianello 44 460 63 15 22 7 4900* 44
(L-6) 8 17 3 3 3 3 3

Colby 46 52 N.D. 140 11 4900* 37
(Wisc) (L -6) 14 3 10 1 4

Leedey 42 410 71 24 3 16
(L-6) 20 13 2 3 0.2 1

1Modoc-2 12 40 9 5 4 4000
(L-6)

2Ave. 15
Pallasites 10-14

3Ave. L 4980
Chondrites

1 Allen and Mason (1973)
2 Nichiporuk (1971)

3 Bunch et al. (1967)

Chromite results normalized to V=4900 ppm

No analysis; Underlined values are analytical uncertainties

N.D. Below the detection limit of the analysis rn0
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other than chromite play an important role in the geochem-

istry of Cr or V in meteorites.

Iron and Magnesium

Theoretically the abundance of olivine and hypersthene

in the separated samples can be calculated using Fe and Mg

as indicator elements. Two simultaneous equations can be

written which define the relationships between: 1) the

mole fraction of Fe (Fe/Fe+Mg) in olivine and hypersthene;

2) the weight percent of Fe in these minerals; 3) the abun-

dance of Fe and Mg in the sample due to olivine and hyper-

sthene; and 4) the fraction of the residual Fe abundance

which is due to each of the two minerals. The first two of

these parameters are well defined for equilibrated chon-

drites (Keil and Fredrickson, 1964). The abundance of Fe

and Mg in the sample due to olivine and hypersthene can be

calculated by subtracting quantities of these two elements

due to other minerals, from the total Fe and Mg abundances

which were determined in the samples. The residual abun-

dances were assumed to be due to the presence of olivine

and hypersthene. The equations can be solved for the frac-

tion of total Fe attributable to each mineral. These quan-

tities can be used to calculate the abundance of each of

the minerals in the samples.

Unfortunately, the calculation is very sensitive to

errors in the Fe and Mg abundances. The calculated resi-

dual Fe and Mg abundances had large enough uncertainties
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to render the calculated mineral abundances useless for

purposes of correction.

Residual Fe and Mg abundances were attributed wholly

to the presence of hypersthene. Abundances of this mineral

were calculated and the elemental abundances were corrected

accordingly.

Selenium and Sulfer

Troilite samples were analyzed for S in conjunction

with the analysis for elements with short-lived nuclides.

Five minute irradiations at a neutron flux of about 1013

n/cm 2-sec (1 Megawatt) gave a specific activity at the end

of bombardment which produced only 68 cpm/mg for the 3090

keV gamma ray emitted by 37 S. The samples were counted at

about 60 cm from the detector because of high activity

levels from other nuclides. This low count rate for 37S

precluded the determination of S abundances in any samples

except troilite.

Sulfur abundances were used to calculate the abundance

of troilite in the troilite enriched samples.

Selenium is a chalcophilic element. Constant Se/S

ratios in chondritic meteorites imply that Se is exclu-

sively associated with the sulfide phases (Pelly and

Lipschutz, 1971). Quantities of Se which I determined in

minerals other than chromite and metal were less than 1% of

the concentration of Se in troilite. Large quantities of
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Se in chromite and metallic minerals are probably the re-

sult of inefficient removal of troilite during the mineral

separation procedures. I have assumed that Se is exclu-

sively associated with troilite. This element was used as

an indicator to calculate the abundance of troilite impuri-

ties in the separated samples. Elemental abundances were

corrected accordingly.

Selenium abundances in BCR-1 agree with the abundances

of Se reported in Flanagan (1973). My results for Se in

whole meteorites are 15-25% higher than the average value

in L-6 meteorites reported by Pelly and Lipshcutz (1971).

They do not report a standard deviation for their average

value, however my results are well within the range of

values which they report. The precision of the analyses

are good; standard deviations range from 5%-9% of the

average abundances.

Corrected Se abundances in chondritic minerals are

presented in table 16. The abundances in all minerals ex-

cept troilite are upper limits. Mass balances for Se are

given in table 7. The calculated whole rock Se abundances

are in excellent agreement with the average abundances in

L-6 chondrites (Pelly and Lipschutz, 1971). They are 20-

25% lower than the whole rock abundances which were deter-

mined in this work. I cannot account for the discrepancy

between my calculated and analyzed whole rock abundances of

Se.



Table 16. Corrected Selenium Abundances in Minerals from L-6 Chondritic Meteorites
(10-6 g/g)

Feldspar Diopside Hypersthene Olivine Phosphate Troilite Chromite Metal

Alfianello <0.4 <2.5 <0,5 <0.29 <0.24 171 <42 <18
(L-6) 0.03 0.07 0.004 0.004 0.02 11 1 1

Colby - - <0.9 <0.07 <0.8 145 <51 -

(Wisc)(L-6) 0.003 0.002 0.1 10 1

Leedey <0,44 <1.0 <0.3 <0.086 - 175 - < 0.6
(L-6) 0.005 000 0.001 0.0009 12 0.002

lAve. L 152
Chondrite

1 Recalculated from Se/S ratio, Pelly and Lipschutz (1971)

No Analysis

Underlined values are analytical uncertainties
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Chlorine

The abundance of Cl was determined in those samples

which were enriched in phosphate minerals. The analysis

was done in conjunction with INAA for elements which pro-

duce short-lived nuclides. Chlorine was used as an indica-

tor element to calculate the abundance of chlorapatite in

the phosphate mineral separates. This element would be an

excellent tracer of contamination by phosphate mineral im-

purities in other minerals. Unfortunately, the abundances

of Cl in most of the mineral separates were too small to be

detected by INAA.

Nickel, Cobalt and Gold

The results of the analyses for Co abundances in BCR-

1 are the only quantitative criteria which can be used to

judge the accuracy and precision of the analytical proce-

dures for these elements. The results of my analyses for

Co in BCR-1 agree within the limits of the standard devi-

ation with the Co abundance in BCR-1 reported by Laul et

al. (1971). The standard deviation is 15% of the mean

value for five analyses. Nickel, Co, and Au in L-6 chondri-

tic meteorites are almost exclusively associated with me-

tallic minerals. Variations in the abundances of these

elements within chondritic subgroups are probably due to

sampling inhomogeneities (Moore, 1971). Similarly, Au is

heterogeneously distributed in BCR-1 as exemplified by the
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wide range of Au abundances reported by Keays et al. (1971).

General agreement is good between the results of the ana-

lyses for these siderophilic elements in this work and the

results reported by Moore (1971) and Ehman (1971) for L-6

chondrites and by Keays et al. (1971) for BCR-1.

The distribution of these three elements in metallic

minerals exemplifies the heterogeneous distribution of

siderophilic elements within individual grains, and between

individual grains of metallic minerals from the same sample

(Wood, 1966; Rambaldi, 1973).

Abundances of Fe and Ni in metallic minerals have a

negative correlation, Fe and Ni contents in Leedey and

Colby meteorites are in the same proportions; ek,75% Fe, '22%

Ni. Iron abundance determined in Alfianello is rA35%, and

the Ni abundance has decreased relative to the other two

meteorites to '1,14%. The differences probably are related

to varying proportions of high Ni metal (taenite) and low

Ni metal (kamacite). The Fe-Ni composition of the metallic

minerals from Leedey and Colby are similar to the bulk com-

position of plessite; a fine grained mixture of taenite and

kamacite (Wood, 1966). By this rationale, the metal phase

which I analyzed from the meteorite Alfianello is enriched

in kamacite relative to the other two meteorites.

Gold abundances also show significant variations be-

tween the metallic minerals from the three chondrites.

However, the variations do not correlate with the variations
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in Ni contents, The Au abundance in Leedey is 29% greater

than in Alfianello, which in turn is 31% greater than the

Au abundance in the Colby meteorite. If the variations in

Ni abundances are due to varying proportions of kamacite

and taenite, then variation in gold abundances must be due

to some other factor. The variations which I see are not

unprecedented; analyses for Au abundances in two L-6 mete-

orites produced abundances which are effectively identical

to the results of my analysis of Colby (Ehmann et al.,

1970). The average Au abundance in the metallic minerals

from six L chondrites (Fouche and Smales, 1967) corres-

ponds, within statistical uncertainties, to the results

which I obtained in metallic phases from the Leedey and

Alfianello meteorites.

Cobalt abundances offer a still different pattern of

abundances among the three meteorites. The variations of

the Co abundances between the three meteorites is very

small compared to the variations of the other two sidero-

philic elements. The abundance of Co in metal phases from

Leedey is 15% less than the Co abundance in the two other

meteorites.

In order to verify the reality'of the results, a brief

discussion of possible errors in the Co-Ni analysis will

ensue. Nickel was analyzed by counting the activity from

58 Co produced by the nuclear reaction 58Ni(nlp)58Co. Any

errors in the radiochemical procedures or in the subsequent
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counting would produce no differences in the relative mag-

nitudes of the Co and Ni values. The standards were made

by a single dilution of Co and Ni standards and subsequent

preparation of all the standards by weighing small aliquots

into quartz irradiation vials. Consequently there could be

no error in the relative values of Co and Ni between deter-

minations due to deviations in the standards, Finally, con-

sider what seemed to be a real possibility. Cobalt was

activated by an (n,y) reaction with thermal neutrons, Ni

was activated by an (n,p) reaction with fast neutrons. If

the fast neutron flux varied within the volume of the

irradiation can, then the amount of 58Co produced would

vary depending on the location of the sample within the

can. This supposition can be investigated by determining

the ratio of gross activity from 59Fe and the gross acti-

vity from Mn.54 Thermal neutrons produce 59Fe by the

reaction 58Fe(n,y)59Fe, while 54Mn is produced by the reac-

tion 54Fe(n,p)54Mn. Both of the (n,p) reactions (Ni and

Fe) have a maximum cross-section for q,8 MeV neutrons. A

variation in fast neutron flux should be readily apparent

in variations of the 54Mn/58Fe ratio. Five randomly

selected samples from the irradiation of the Colby minerals

shows that variations of this ratio were within the uncer-

tainties of the calculation.

The metallic minerals which I analyzed had been sieved

through a 200 mesh screen. This sampling method imposed a
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size discrimination upon the metallic minerals which is re-

flected in the elemental abundances. Rambaldi (1973) ana-

lyzed metallic minerals from L-chondrites which had been

segregated according to size. He found that Ni was always

enriched in the fine fraction relative to the coarse frac-

tion. Cobalt was negatively correlated with Ni, being de-

pleted in the fine grained minerals compared to the coarse.

Other siderophilic elements, including Au, followed Ni,

being enriched in the fine grained metallic minerals.

Rambaldi (1973) suggests that the relationship between ele-

mental abundances and the grain size of metallic minerals

is a function of the proportions of taenite and kamacite in

fine grained and coarse grained minerals. My results do

not support this explanation for the variation in the abun-

dances of siderophilic elements as a function of grain

size. Variations in Ni and Fe abundances appear to be re-

lated to the proportions of kamacite and taenite in the

metallic phases which I analyzed. If this is so, then

variations in the abundances of Co and Au are not related

to the proportions of the two metallic minerals since there

is no statistically meaningful correlation between Co and

Ni or between Au and Ni.

Comparisons between calculated whole rock abundances

and analyzed whole rock abundances (table 7) are of ques-

tionable value. Fine grained metallic minerals obviously

have a different elemental composition than the bulk
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metallic phase. To make a proper mass balance the distinc-

tive members of the total metallic phase population would

have to be identified. The proportion of these members in

the whole rock would have to be determined, and their ele-

mental composition defined.

The mass balances in table 7 emphasize the strong

siderophilic nature of these three elements. Nickel and

Co in non-metallic minerals constitute less than 1% of the

total quantity of these elements in the whole rock.

If I consider the gross relationships between Ni, Co

and Au, as defined by the average elemental abundances in

the three meteorites, I can define the same general rela-

tionship between elemental abundances and grain size that

Rambaldi (1973) describes. I will make the assumption that

the whole rock distribution of these three elements is

established by coarse grained metallic minerals. Based on

this assumption, a comparison between my whole meteorite

abundances and the elemental composition of the fine

grained metallic minerals is comparable to Rambaldi's

(1973) comparison between coarse and fine grained metallic

phases.

Based .upon the assumptions which were made in the last

paragraph, the ratio

(Co/Ni) Ave. Metallic Minerals
77537Ave. Whole Rock

is a measure of relative fractionation of Co and Ni between

fine grained and coarse grained metallic minerals. The
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same comparison can be made for Au and Ni. This ratio is

0.6±0.15 for Co and Ni and 0.85±0031 for Au and Ni. The

uncertainties are so large that the comparison is not very

definitive. Cobalt is distinctively depleted relative to

Ni in the fine grained minerals relative to the bulk

metallic phase. Gold is not depleted relative to Ni within

the very large limits of the uncertainty of the calcula-

tion. There is no way to establish absolute magnitudes of

the fractionations using these methods.

In summary, there is a distinct fractionation of Co

from Ni and Au in small grained metallic minerals relative

to the bulk metallic phase. Nickel, Co, and Au show vari-

able absolute abundances in the metallic minerals of the

three meteorites. Variations in the abundances of Ni and

Fe are a function of the proportion of kamacite and taenite

in the sample which was analyzed. Variations in the abun-

dances of Co and Au between the metallic phases of the

three meteorites is not a function of the proportions of

the two metallic minerals since there is no statistically

significant correlation between Ni and Au, or Ni and Co.

To determine whether Co and Ni in nonmetallic phases

was due to the presence of metallic contaminants, I did a

graphical analysis of the covariance of Co and Ni. The

analysis is identical to the examination of the Cr-V co-

variance which was done to establish the absence of chro-

mite impurities. Figure 3 is a plot of the Ni abundance
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covariance if Co and Ni abundances were due to the
presence of small quantities of metallic minerals.)
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vs. Co abundance in all non-metallic minerals. The two

elements are positively correlated at >99% level of signi-

ficance. A least squared fit of the data produces a linear

relationship with the equation [Ni] = -44 + 14 [Co]. If

the abundances of Co and Ni were due to contamination with

metallic minerals which had the elemental composition of

the entire population of metallic minerals, the relation-

ship would be defined by the equation [Ni] = 23 [Co]. If

the contamination were due to the presence of fine grained

metallic minerals with the composition which are in tables

17 and 18, the slope of the line would be even steeper, i.

e., [Ni] 27-46 [Co]. Of course, in both cases the inter-

cept of the line would be zero. The path of covariance of

Co and Ni due to the presence of metallic mineral impuri-

ties is shown in figure 3 labeled "Metallic Mineral Con-

tamination". The lack of correspondence of the two equa-

tions is interpreted as a lack of metallic impurities in

the non-metallic minerals. Figure 3 has three points which

lie near the path of covariance of Ni and Co due to metal

contamination. I do not believe that these points truly

represent contamination of the non-metallic minerals with

metallic minerals. These three points represent data from

feldspars from two meteorites and phosphate minerals from a

single meteorite. Feldspar and phosphate minerals have

small magnetic susceptibilities. They remained in the non-

magnetic portions of the sample even at very high magnetic



Table 17. Corrected Nickel Abundances in Minerals from L-6 Chondritic Meteorites
(10-6 g/g)

Feldspar Diopside Hypersthene Olivine Phosphate Troilite Chromite Metal
(%)

Alfianello 41 185 117 75 130 257 450 14.2
(L-6) 3 11 4 3 12 19 18 0.8

Colby 115 127 148 157 1010 (1500) 22.4
(Wisc) (L -6) 0.1 3 4 23 73 35 0.1

Leedey 13 30 20 45 - 317 - 22.0
(L-6) 2 7 6 2 10 0.02

1Modoc-1 16 820 20 14.9
(L-6)

1Modoc-2 < 20 14 46 230 820
(L-6)

2Mean of 12 53
Pallasites 40- 70

3Mean of 4 250
Pallasites 150-3,50

1 Allen and Mason (1973)

2 Buseck and Goldstein (1969)
3 Lovering (1957)

No analysis

( ) Suspected contamination by metallic minerals

Modoc-1 Analyzed by INAA

Modoc-2 Analyzed by spark source mass spectrometry

Underlined values are analytical uncertainties



Table 18. Corrected Cobalt Abundances in Minerals
(10-6 g/g)

from L-6 Chondritic Meteorites

Feldspar Diopside Hypersthene Olivine Phosphate Troilite Chromite Metal

Alfianello 304 20 12 10 6 24 47 5,500
(L-6) 0.2 0.6 001 0.2 0.5 1.5 1 400

Colby 9 15 18 13 65 (84) 5,500
(Wisc) (L -6) 0.2 0.1 0.1 1.8 4 1.7 46

Leedey 1.6 4.4 6.1 9.2 21 4,800
(L-6) 0.1 0.2 0.02 0.1 1.5 21

1Modoc-1 7.4 6.0 34 93 10,000

1Modoc-2 1 3 7 25 620 58 28

1 Allen and Mason (1973)

No analysis

( ) Suspected contamination by metallic minerals

Modoc-1 Analyzed by INAA

Modoc-2 Analyzed by spark source mass spectrometry

Underlined values are analytical uncertainties
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Table 19. Corrected Gold Abundance in Minerals from L-6
Chondritic Meteorites (10-6 g/g)

Metal

Alfianello (L-6)

Colby (Wisc.)(L-6)

Leedey (L-6)

1Bruderheim (L-6)

2.1
0.1

1.6
0.01

2.7
0.02

1.5

1Harleton (L-6) 1.6

2Ave. of 6 L Chondrites 2.3
0.4

1 Ehmann et al. (1970)

2 Foucht and Smales (1967)

Underlined values are analytical uncertainties

fields in the Frantz magnetic separator. The smallest in-

clusion of metallic minerals should have precluded the pre-

sence of the host phase in the final separated fractions of

feldspar and phosphates.

Based upon the previous arguments, the abundances of

Co and Ni are considered to be representative of the true

abundances of these elements in the non-metallic minerals.

These abundances have been corrected for the effects of

dilution by contaminants. The corrected results for Ni,

Co, and Au are presented in tables 17, 18 and 19, respec-

tively.
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Zinc

The analyses for Zn appear to be very reliable. Whole

meteorite abundances agree very well with abundances of Zn

in L-chondrites reported by Keays et al. (1971), and with

average Zn abundances in L-6 chondrites reported by Moore,

1971. Zinc abundances in BCR-1 are in good agreement with

the abundances reported by Laul and Schmitt (1973) and Laul

et al. (1972). The standard deviations are less than 10%

of the average abundances in all the control samples.

Zinc is concentrated mainly in three minerals: oli-

vine, hypersthene, and chromite. The element is so highly

concentrated in chromite that it contains 14% of the total

Zn in the rock, although the mineral comprises only 0.5% of

the whole rock. I demonstrated in the section on Cr and V

that chromite impurities do not affect the elemental abun-

dances of most other minerals. Feldspar separated from the

Leedey was an exception; the presence of chromite impurity

in this mineral is emphasized by the Zn abundance which is

5 times greater than the Zn abundance in feldspar from the

other two meteorites. The actual Zn abundances in the

metallic minerals may also be distorted by contamination

with chromite impurities.

Corrected Zn abundances in minerals from chondritic

meteorites are presented in table 20. Calculated whole

rock abundances agree very well with the abundances of Zn



Table 20. Corrected Zinc Abundances in Minerals from L-6 Chondritic Meteorites
(10-6 g/g)

Feldspar Diopside Hypersthene Olivine Phosphate Troilite Chromite Metal

Alfianello 5 20 65 62 <3.2 2.6 2740 15
(L-6) 2 1 0.7 0.2 .02 0.2 75 1

Colby 5 - 68 66 25 6.8 2700 31
(Wisc)(L-6) 206 004 003 7 0.5 20 0.6

Leedey (28) 38 61 58 - 204 17
(L-6) 1.5 1 0.6 006 002 003

1Ho lbrook 58* 42** 12 4

2Modoc-2 3 12 17 20 19 10 86

1 Nishimura and Sandell (1964)

2 Allen and Mason (1973)

Acid Soluble Silicate

** Acid Insoluble Silicate

No analysis

( ) Suspected chromite contamination

Modoc-2 Analyzed by spark source mass spectrometry

Underlined values are analytical uncertainties
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which were measured in the whole rock (table 7). Mass

balances (table 7) emphasize the association between Zn and

olivine, hypersthene, and chromite. These three minerals

contain greater than 95% of the total Zn in the rock.

Abundances of Zn in the olivine and hypersthene deter-

mined by Nishimura and Sandell (1964) are about 20% less

than the abundances which I measured. The results of

Nishimura and Sandell (1964) were obtained by selective

leaching; a technique which is not as definitive as the

physical separations which were done in conjunction with my

work. Zinc abundances reported by Allen and Mason (1973)

are a factor of three less than my results. I believe that

the results from Allen and Mason (1973) are incorrect since

they are not consistent with a satisfactory mass balance in

the rocks.

Perhaps Zn is not enriched in chromite in all chon-

drites. Mason and Graham (1970) reported 1800 ppm Zn in

chromite from St. Severin (LL-6) but only 86 ppm in chro-

mite from Modoc (L-6). Bunch et al. (1964) studied chro-

mite composition in 46 ordinary chondrites. They reported

an abundance of 0.9% Zn in Pultusk (H-5), but do not men-

tion Zn in any other chondritic chromite. I don't know

that they analyzed for Zn in other chondrites. If they

did, it seems that the abundances which I determined in

these minerals would be within the detectable limits of

their analytical procedures. On the other hand, it seems
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highly unlikely that I would select two chondrites which

were unusual in their Zn enriched chromite. I am confident

in my results. It is a matter which bears further investi-

gation.

Manganese

Analysis for Mn appear to be very reliable. The mean

Mn abundances for the whole meteorites agree very well with

the average abundances reported by Goles (1971) for L-6

chondrites. Mn abundances in BCR-1 are 16% higher than the

abundances reported by Flanagan (1973). However, they

agree perfectly with the Mn abundances in BCR-1 reported by

Laul and Schmitt (1973). Standard deviations are less than

10% for each set of results.

The corrected results for the abundances of Mn in min-

erals from chondritic meteorites are presented in table 21.

Manganese abundances in the silicate minerals agree very

well with the results of Allen and Mason (1973). Abun-

dances in chromite are smaller than those reported by Allen

and Mason (1973) and also smaller than the average abun-

dances in L chondrites reported by Bunch et al. (1967).

However, it has been mentioned, in the discussion of Cr and

V, that the average Mn abundance in L chondrites (Bunch et

al., 1967) is the mean value of analyses on eight different

chondrites. Four of the individual results agree very well

with the results which I have reported in table 21.



Table 21. Corrected Manganese Abundances in Chondritic Minerals (10-6 g/g)

Feldspar Diopside Hypersthene Olivine Phosphate Troilite Chromite Metal

Alfianello <370 1600 3360 3200 <200 119 4850 <460
(L-6) 4 70 45 20 2 7 140 4

Colby <400 - 3600 3400 <460 70 4820 <450
(Wisc)(L-6) 10 40 30 2 6 100 2

Leedey <300 1500 3120 3060 - 48 - 30

(L-6) 3 56 20 20 4 17

1Modoc-1 1820 3820 3660

1Modoc-2 <300* 2000* 3600* 3320* 580* 150 6000* 10

2Ave. L-6 5700
Chondrites

1 Allen and Mason (1973)

2 Bunch et al. (1967)

No analysis

Analyzed by electron beam microprobe

Modoc-1 Analyzed by INAA

Modoc-2 Analyzed by spark source mass spectrometry

Underlined values are analytical uncertainties
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Manganese, like Zn, is associated primarily with oli-

vine and hypersthene. It is enriched in chromite relative

to the silicates, although not to the same degree as Zn.

Manganese in chromite only includes about 1% of the total

Mn in the meteorites. Mass balances for Mn agree very well

with the whole rock abundances which were determined for

the three meteorites (table 7).

Scandium

Scandium abundances were determined instrumentally

after irradiation in the high flux reactor. Standard rock

BCR-1 was used as a standard for the analyses. Whole rock

abundances of Sc agree, within the limits of the standard

deviations, with the average Sc abundances in L-6 chon-

drites as reported by Goles (1971). The reproducibility of

the analyses were not good, the standard deviation varied

from 5% to 25% of the average abundances for multiple ana-

lyses.

Corrected abundances of Sc in minerals from the three

chondritic meteorites are presented in table 22. Scandium

in these meteorites is primarily associated with the pyro-

xenes; 60-70% of the total Sc in the whole rocks is in

diopside, 20-30% in hypersthene and about 10% in olivine.

Calculated whole rock abundances are 10-20% greater than

analyzed abundances (table 7). Part of the discrepancy

may be attributed to the difficulty in evaluating the



Table 22. Corrected Scandium Abundances in Chondritic Minerals (l0-6 g/g)

Feldspar Diopside Hypersthene Olivine Phosphate Troilite Chromite Metal

Alfianello <4.0 128 14.4 2.9 <:3.7 N.D. 4.2 2

(L-6) 0.3 5 1.4 0.1 0.4 1 1

Colby <6.4 - 9.5 1.9 <16 <0.53 3.5 <2.2
(Wisc) (L -6) 0.1 0.05 0.04 0.1 0.06 0.2 0.2

Leedey <7.1 136 9.6 2.0 - N.D. - <1.5
(L-6) 0.03 4 0.05 0.03 0.2

1modoc-1 C 96 12.1 5.1 0.5 0.3
(L-6)

1Modoc-2 6 40 10 3 44 8 2 1

(L-6)

2Holbrook 10.8
(L-6) 0.2

1 Allen and Mason (1973)

2 Goles (1971)

No analysis

Modoc-1 Analyzed by INAA

Modoc-2 Analyzed by spark source mass spectrometry

Underlined values are analytical undertainties

N.D. Not detected in analysis co
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presence of diopside contamination. This problem was dis-

cussed in the section on Ca.

The abundances of Sc which I determined in olivine and

hypersthene are in very good agreement with the results of

Goles (1971) for hypersthene from the Holbrook meteorite

and Allen and Mason (1973) for hypersthene and olivine

taken from the Modoc meteorite. My results for diopside

are about 30% greater than the Sc abundances in diopside

reported by Allen and Mason (1973).

Rare Earth Elements (REE)

It is difficult to evaluate the results of the ana-

lyses for REE. The analytical procedure and calculations

were the most difficult of the entire radiochemical ana-

lysis. Most demanding, however, are the effects of mineral

impurities on the REE abundances. The REE are highly con-

centrated in the phosphate minerals. These minerals con-

tain "80% of the light REE in the whole rock and "40% of

the heavier REE (Yb, Lu). Fractions of a percent of these

minerals would mask indigenous quantities of the REE in

most of the other minerals. Unfortunately, there was no

element included in the elemental analyses which could be

used as an indicator for calculating the quantities of

phosphate mineral impurities. There are methods which

might be useful for roughly estimating whether contamina-

tion from other minerals affected the REE abundances which

were determined in one particular mineral. Because of
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their similar but slightly varying goechemical properties,

the relative abundances of the REE in minerals are smoothly

varying functions of the ionic radii of the individual REE.

These variations are generally shown by dividing the abso-

lute REE abundance in the sample by the abundance of the

same element in an appropriate reference sample (usually

whole rock, or the average of composite chondrites, or the

groundmass of the parent rock). These normalized abun-

dances are plotted vs. the ionic radius of REE. The shape

of normalized distribution curves seems to be primarily a

function of the host phase and secondarily a function of

the conditions which prevailed at the time the distribution

was established. As a result, each minerals has a REE dis-

tribution pattern which is characteristic of that mineral.

The characteristic distribution patterns can be used to

evaluate whether the observed REE abundances are indigenous

to the mineral or are the result of the presence of some

impurity.

Europium has an anomalous geochemical behavior rela-

tive to the other REE because of the relative ease with

which it can be reduced to the divalent state (Schetzler

and Philpotts, 1970). The europous ion is preferentially

enriched in feldspar and consequently is depleted in the

other minerals. This fact complicates the determination of

the actual concentration of Eu in the meteoritic minerals.

The relative abundances of Eu in minerals other than



86

feldspar are lower than the other REE, and the presence of

very small quantities of feldspar impurities will mask

indigenous Eu abundances. The problem of evaluating the

magnitude of feldspar contamination was discussed in the

previous section on Al and the alkali elements. In the

worst case, the quantity of feldspar impurity can be

evaluated with an uncertainty of '1.'30%.

To evaluate the precision and accuracy of the analyti-

cal procedures for the REE, I have calculated the weighted

average of each REE in the three meteorites. This average

value was normalized to the REE abundance in a composite of

Table 23. Average Values of REE Abundances from Three L-6
Chondritic Meteorites (normalized to chondritic
average) *

La 1.2 ±0,15

Ce 1.1 ±0.04

Nd 0.98±0.05

Sm 1.13±0.14

Eu 0.96±0.14

Tb 0.96±0.26

Tm 1.19±0.20

Yb 0.97 ±0,11

Lu 1.25±0.15

* Best average estimated by Wakita et al. (1970)

chondritic meteorites. The normalized averages and the

standard deviation from the mean values are presented in

table 23. These results are probably a reasonable estimate

of the accuracy and precision of the method. The relative
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abundances of the REE will undoubtedly affect the reliabi-

bility of the determination for each REE, therefore the pre-

cision and accuracy for the REE analyses will vary with

each mineral. For example, the large quantities of Eu in

feldspar produce very high levels of gamma ray activity,

which affects the accuracy of all the other REE.

Uncorrected absolute REE abundances are presented in

table 2A of appendix A.

Tables 24, 25, and 26 present the corrected abundances

of REE in the meteoritic minerals. The corrections were

made to account for quantities of REE from contaminating

minerals and the dilution effect of impurities just as was

done for the other elements. No corrections have been made

for the presence of phosphate minerals. Quantities of REE

were detected in metallic minerals, troilite, and chromite.

The abundances were very small and the distribution curves

were flat. The distinction between REE from impurities and

indigenous REE was impossible. The uncorrected REE abun-

dances for these minerals have been included in table 2A,

no corrected abundances have been included.

Distribution curves for REE in the silicates and the

phosphate minerals are shown in figures 4 through 8. In-

cluded in the diagrams, for comparative purposes, are REE

distribution curves for the L-6 chondrite Modoc (Allen and

Mason, 1973), and some typical REE distribution curves from

analogous terrestrial minerals. The distribution curves
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Table 24. Corrected REE Abundances in Minerals from the
Alfianello Meteorite (normalized to chondritic
average)

Feldspar Diopside Hypersthene Olivine Phosphates

La 0.44 1.07 0.26 0.05 147
0.04 0.005 0.007 0.002 12

Ce 0.26 2.36 0.31 0.05 161
0.017 0.09 0.008 0.002 13

Nd 0.39 4.4 0.26 (0.09) 168
0.04 0.3 0.01 0.005 15

Sm 0.62 4.2 0.31 0.05 145
0.07 0.1 0.004 0.001 11

Eu 11.7 1.23 <0.3 <0.003 27
0.7 0.08 2.5

Tb 0.76 7.3 0.40 0.06 132
0.08 0.5 0.007 0.002 10

Tm 0.48 10.7 0.65 0.07 130
0.04 0.5 0.01 0.006 13

Yb 0.40 9.6 0.92 0.11 105
0.03 0.6 0.02 0.003 9

0.42 8.9 1.13 0.15 90
0.03 0.5 0.03 0.006 8

Underlined values are analytical uncertainties.
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Table 25. Corrected REE Abundances in Minerals from the
Colby (Wisc.) Meteorite (normalized to chondri-
tic average)

Feldspar Hypersthene Olivine Phosphate

La 1.1 0.08 0.035 183
0.03 0.002 0.001 27

Ce 0.95 0.07 0.026 173
0.15 0.001 0.004 25

Nd 0.70 0.06 0.017 170
0.05 0.005 0.003 28

Sm 1.1 0.08 0.025 159
0.7 0.0005 0.001 23

Eu 7.9 <0.006 <0.002 24
0.5 3.6

Tb 1.2 0.10 0.036 171
0.07 0.007 0.002 27

Tm 1.2 0.24 0.019 162
0.04 0.01 0.006 26

Yb 0.72 0,43 0.05 176
0.05 0.02 0.003 26

Lu 0.8 0.97 0.10 162
0.03 0.03 0.006 20

Underlined values are analytical uncertainties.
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Table 26. Corrected REE Abundances in Minerals from the
Leedey Meteorite (normalized to chondritic
average)

Feldspar Diopside Hypersthene Olivine

La 0.69 0.79 0.11 0.026
0.02 0.14 0.006 0.002

Ce 0.34 1.09 0.17 0.023
0.01 0.13 0.002 0.0004

Sm 0.44 2.02 0.13 0.02
0.02 0.18 0.005 0.002

Eu 12.3 0.6 <0.07 0.01
0.5 0.04 0.0006

Tb 0.35 3.6 0.18 0.023
0.01 0.3 0.004 0.001

Yb 0.29 2.8 0.46 0.045
0.01 0.2 0.01 0.001

Lu 0.49 3.8 0.74 0.11
0.02 0.2 0.03 0.003

Underlined values are analytical uncertainties.
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for terrestrial minerals represent the REE concentration in

the minerals normalized to the REE distribution in the

groundmass of the same rock.

The REE distribution curves in terrestrial orthopyro-

xenes increase sharply and smoothly from the light to the

heavy REE. Rare earth element distribution curves in

hypersthene from the three chondrites increase from Sm to

Lu, but the light REE have a flat distribution (figure 6).

The flat distribution of the light REE may be due to the

presence of phosphate mineral impurities. The results for

hypersthene in Modoc, Alfianello, Leedey and Colby would

represent decreasing quantities of phosphate impurities

(figure 6). For instance, if all the La in hypersthene

separated from Alfianello were due to the presence of phos-

phate minerals, it would represent 0.002% contamination by

these minerals. This quantity of phosphate would only

represent 15% of the total Lu which was measured in the

hypersthene. I offer this as a possible explanation of the

shape of the REE distribution curve in meteoritic hyper-

sthene. I have no direct evidence that phosphate impuri-

ties are present and therefore I shall consider the distri-

bution of REE in meteoritic hypersthene which I have de-

fined to be representative of the relative REE abundances

in this mineral. Negative Eu anomolies in meteoritic

hypersthene are largely the result of corrections for the

presence of feldspar impurities. The absolute magnitudes
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of Eu abundances in these minerals cannot be evaluated be-

cause the correction for feldspar gives very small values

with relatively large uncertainties.

REE distribution curves for olivine are the most diffi-

cult to evaluate (figure 7). The REE concentrations in this

mineral were very low. Based upon the similarity of shape

between the three stones, the results may reflect the real

distribution of REE in olivine. The shape of the curves

suggest that they could not be due to phosphate contamina-

tion because the two heaviest REE (Yb, Lu) show a charac-

teristic enrichment, while the heavy REE in phosphate min-

erals show a gradual decrease. The sharply increasing

heavy REE abundances in olivine are not thought to be due

to hypersthene contamination. In order to achieve the con-

centrations of Lu which are in the olivine, it would have

to be contaminated with about 15% hypersthene. It is al-

most certain that this is not the case based upon many

criteria which have been discussed in previous sections.

It is conceivable that the high abundances for Yb or Lu are

indigenous to olivine, and the flat curve from La-Tm is

due to phosphate contamination. Phosphate at these concen-

trations would have little effect on the higher Yb and Lu

abundances. Again, using the minerals from Alfianello as

an example: 0.03% phosphate mineral contamination would

produce the abundances of La measured in olivine from

Alfianello. This quantity of phosphate would account for
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only 25% of the total Lu which was determined in olivine.

The Eu anomalies in olivine are largely due to the correc-

tion for feldspar. The comments which were made in regards

to this subject for hypersthene are equally valid for oli-

vine.

Figure 4 shows the distribution curves for REE in

phosphate minerals. The absolute magnitudes of the REE

abundances in phosphates from Colby are subject to very

large uncertainties. The evaluation of the abundance of

phosphate minerals in the separated sample was very crude,

thus the correction for dilution by impurities was equally

crude. Relative abundances of REE in this sample should be

reliable since they are not a function of the correction

factors.

The distribution curves for feldspars (figure 8) are

not as smooth as the curves in most of the other minerals.

High levels of activity from Eu nuclides may have influ-

enced the precision of the analyses. The smooth distribu-

tion curves are probably flat. They certainly do not show

the sharply decreasing relative abundances with increasing

atomic number which is commonly associated with feldspars.

However, relatively flat distribution curves in terrestrial

feldspar have been defined (Schnetzler and Philpotts, 1971).

An example is presented in figure 8, along with a more

typical example of the distribution of REE in feldspars.
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Elemental Distribution in L-6 Chondritic Meteorites

Introduction

The L-6 chondritic meteorites have many physical and

chemical properties which suggest that the mineral con-

stituents are in thermodynamic equilibrium. Petrographic

investigation shows nearly complete recrystallization of

petrologic type 6 chondrites which to a greater or lesser

extent obliterates the primary textures. The co-existence

of Ca rich clinopyroxene and orthorhombic pyroxene are

interpreted as manifestations of subsolidus equilibration.

Similarly, the presence of crystalline feldspar is thought

to result from a reconstitution of feldspathic glass or

microcrystalline feldspar (Van Schmus and Wood, 1967).

Chemical evidence also suggests an equilibrated (or at

least a well ordered) mineral assemblage. Keil and

Fredrickson (1964) investigated a large number of chon-

drites and found that the major cation abundances in oli-

vines and orthopyroxenes from the recrystallized chondrites

define specific narrow compositional ranges. The actual

abundances are a distinct function of the chemical classi-

fication of the whole rock. These olivines and orthopyro-

xenes are very homogeneous within single chondritic mete-

orites, and between chondrites of the same classification.

Larimer (1968) compared the distribution of Fe and Mg be-

tween olivine and orthopyroxene with experimental data
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from the Fe- MgO- Si02 -02 subsystem. He concluded that in-

creasing numerical values of petrologic type could be in-

terpreted in two ways. If the distribution coefficient

(K
D

) of Fe and Mg in olivine and hypersthene is independent

of temperature then the larger the numerical value of the

petrologic type the more closely the system approaches an

equilibrium condition. Although even type 6 chondrites

have not attained complete equilibrium. If the distribution

coefficient is temperature dependent then different petro

logic types represent equilibration at different tempera-

tures.

Using the above criteria,I' will assume that the trace

elements in L-6 chondritic meteorites are in thermodynamic

equilibrium or closely approach thermodynamic equilibrium.

There are two basic approaches to the study of trace

elements between phases. The more quantitative method in-

volves the application of thermodynamic principles to phase

equilibria and solution theory. There are several papers

which deal with the thermodynamics of elemental distribu-

tion, these include Kretz (1961, 1963), Mueller (1961) and

McIntire (1963).

The second approach involves a semi-quantitative-

qualitative prediction of trace element distribution based

upon the properties of the element. This is the method

which was pioneered by V. M. Goldschmitt (1937) and subse-.

quently modified by several others. Excellent reviews and
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discussion of the application of these rules are provided

by Whittaker (1967) and Burns and Fyfe (1967).

The following discussion is a brief synopsis of thermo-

dynamic theory applied to the distribution of elements be-

tween phases. It has been borrowed mainly from Kretz

(1961,1963), Mueller (1961)and McIntire (1963). For the sake

of continuity, direct reference to these papers will not be

made in the body of the discussion.

The free energy of element A in a solution of phase a

may be expressed as follows

p
a = pOa + RT in aa
A A A

a O
pA is the partial molar free energy of A in a. pA

a
is

the same quantity for some standard state. The standard

state is usually chosen as the pure component of A in a.

For instance, if a is a crystal of the type (Al B, C) M,

the standard state is usually taken as pure crystalline (A)

M (A, Brand C are cations, M is the anionic species). If

a is a liquid, then the standard state might be pure liquid

(A)M. The activity of element A in phase a is denoted by

a
aA .

If element A is equilibrated between two phases, a and

$1 in the following manner:

(A)M + (B,C)N t (A)N + (B,C)M

then the partial molar free energies of A in each phase are

equal:
a
PA = PA



( 1 )

The equilibrium constant is defined as follows:

a 013 Oa
aA PA -PA )

KA = -7- = e
aA

RT
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The activity may be alternatively expressed as follows:

a a a
aA = fACA

iwhere fA is the activity coefficient in the appropriate

phase and CA
the concentration of A in phase a. The acti-

vity coefficient is a measure of the deviation of the pro-

perties of A in the real system, relative to the standard

state. If the concentration of A is directly proportional

to the activity, over a range of concentrations, the solu-

tion of A is said to obey Henry's law. If the concentra-

tion of A is equal to the activity, the solution obeys

Raoult's law and is termed an ideal solution.

Failure to approximate Raoult's or Henry's law results

in a situation where the activity of element A in solution

is an ever changing function of the concentration of A in

the solution. The sign and magnitude of the activity co-

efficient is a direct reflection of the physical inter-

actions between the solute and the solvent.

Equation (1) may be rewritten:

(2)

Ca f fA A A Ap°/RT
D = -- A = eA

c
aAa

fAA fA

DA is the distribution coefficient for element A between

phases I and II. If A forms a solution in both phases
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which approximates Henry's law or Raoult's law, the ratio
fII
A is the independent of the concentration of A in the

f
I

A
solution. In this case

(3)

a
CA

=
0
= constant

CA

Equation (3) is an explicit expression of the Nernst law.

Elements which are present in trace quantities often

approximate Henry's law behavior and obey the Nernst dis-

tribution law over a wide range of concentrations of the

element in question and of other trace elements. It is not

generally true that the distribution coefficient is indepen-

dent of the concentration of major components. A point of

caution, the thermodynamics relationships do not indicate

at what concentration Henry's law breaks down and Nernst's

law no longer holds. Laboratory experiments have shown

systems which follow Nernst's law up to 10% concentration

of the partitioned element, but it is doubtful that this is

a typical case.

One of the primary motivations for determining distri-

bution coefficients has been to study the evolution of

terrestrial rocks. Fractional crystallization and partial

melting have been investigated extensively to try to under-

stand the relationships between different rock types. As a

result, many of the distribution coefficients which have

been determined are for crystal/liquid coefficients. Kretz
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(1961, 1963) and Mueller (1961) studied the distribution of

elements between coexisting minerals in metamorphic rocks.

They examined distribution coefficients for major and minor

elements between minerals which were presumably equili-

brated at subsolidus temperatures.

The distribution coefficient for the distribution of

an element between two solid phases can be determined

directly from the mineral/liquid distribution coefficients,

assuming both minerals were in equilibrium with the same

liquid.

Consider the equilibrium of trace element A between

olivine (a) and hypersthene (3)

(A)2SiO4 + (Fe,P1g)SiO3 (Fe,Mg)2SiO4 + (A)SiO3

The distribution coefficient for this reaction may be

written:
Da/L

a/(3. A
DA 771:DA

where L corresponds to the liquid in equilibrium with min-

eral a or $.

Thermodynamically the distribution coefficient between

solid phases may be written in a manner analogous to (2)

AP
)a/ci

= e
AlIV (RT RT

(4) DA

Distribution between solid phases is independent of

the nature of the liquid phase. It is only a function of

the temperature, pressure, and composition of the solid
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phases. The first exponential term is what McIntire (1963)

calls an intrinsic factor which expresses the differences

in the chemical potentials of the pure crystalline phases.

The second exponential term is a solid interaction term to

account for the nature of the solid solutions. This term

is analogous with the term involving the activity coeffi-

cients in equation (2), ApA is the partial molar free

energy involved in transferring one mole of A from an ideal

solid solution to a real solid solution of the same mole

fraction.

In general, the partitioning of a trace component be-

tween two complex minerals is a complicated function of the

proportions of the major components even if the dilute solu-

tion laws are followed. In the special case where the

major cations are the same in both minerals and they are

sufficiently alike to form ideal solid solutions through

the entire compositional range, the partitioning of trace

elements should be independent of the proportions of the

major cations. Sahama and Torgeson (1949) suggested that

olivine and orthopyroxenes formed essentially ideal solid

solutions. Mueller (1961) showed this to be the case for

Fe and Mg in Ca clinopyroxenes and orthpyroxenes. Both

Mueller (1961) and Kretz (1961) determined that the parti-

tioning of Mn between the two pyroxenes was independent of

proportions of Fe and Mg. Kretz (1961), could not detect
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variations in the Mn distribution due to variable amounts

of Al, Ca, etc., in a number of pyroxenes.

The distribution coefficient is a function of both

pressure and temperature. It can be shown that the pres-

sure dependence of the distribution coefficient is a func-

tion of the change in the molar volume of the two phases:

D2 = Di e (P2-P1) W/RT

Pn.

D
n

refers to the distribution coefficient at pressure

Similarly, the temperature dependence is a function of

the change in molar enthalpy:

1
(AH/R(

1 T2
- --)]

T1D2 = D1 e

McIntire (1963) states that in many cases the effect

of pressure on the distribution coefficient can be neg-

lected. He also believes that temperature variations will

be smaller for solid-solid equilibrium than for solid-

liquid.

Equation (2) demonstrates an important point regarding

the application of elemental properties to the distribution

of trace elements. The distribution of elements between

phases is a function of the properties of the elements in

all phases. The effect of ionic radius, valence, electro-

negativity, crystal field stabilization energy, and proba-

bly other properties of an element in each phase determines

the phase distribution of that component. This fact is a
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source of serious failure in any "rules" which try to

generalize the distribution of elements with relation to

the properties of one phase.

Onuma et al. (1968) proposed an approach to the study

of the distribution of cations between two pyroxenes and

their host lava. Their methods are essentially an attempt

to quantify Goldschmitt's rules. They plotted the distri-

bution coefficient of elements between phenocrysts and

matrix material vs. the ionic radius of the partitioned

element. The distribution coefficient presumably repre-

sented the partitioning between a mineral and that liquid

from which it formed. They were able to draw smooth curves

through all of the points which represented ions of the

same valence. The result was a family of approximately

parallel curves (with the aid of some imagination in cer-

tain instances). Each curve represented the variation of

the distribution coefficient as a function of the ionic

radius of elements with the same valence.

Higuchi and Nagasawa (1969), and Nagasawa and

Schnetzler (1971) have done work similar to Onuma et al.

(1968) on a variety of other minerals. Jensen (1973) re-

cast the work of the previously mentioned papers, and some

additional work, in the light of revised estimates of ionic

radii. The recasting removed some of the anomalies which

had appeared in the initial papers.
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The features of the curves can be qualitatively inter-

preted in the context of the crystallographic properties of

the minerals. Maxima in the curves presumably represent

the optimum ionic radii which can be accommodated in a par-

ticular lattice site in the crystal. According to Jensen

(1973), the ionic radius which produces a maximum value for

the partition function does not change for the same mineral

from different geologic sites, but the absolute magnitudes

vary with the nature of the rock as do the relative peak

heights and the slopes of the curves. These variations are

expected in light of the discussion of the distribution of

elements which was presented previously. The distribution

coefficients are a function of temperature, pressure, and

the characteristics of all of the phases in the chemical

system. Jensen (1973) also states that the rate of crystal-

lization has an effect on the distribution coefficient.

However, the correct statement is that the rate of forma-

tion affects the ability to attain equilibrium and not the

distribution coefficient per se. Rapid crystallization

only affects the apparent value of the distribution co-

efficient, not the function itself. Nothing can be rigor-

ously stated about diadochic substitution in a system which

is not equilibrated.
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Partitioning of Trivalent Cations

Normalized Distribution Curves

The weighted average of the elemental abundances were

EwiNi
calculated:N=

A47

T-7-7-.Theureightingfactorw.is the

reciprocal of the analytical uncertainty, i.e., l/ai. This

weighted average was normalized by dividing the average

elemental abundance in L-6 chondrites. Average abundances

were taken from the various authors in Mason (1971). The

standard deviation from the weighted means was calculated:

S = (i
n-1

The normalized mean and the standard deviations from the

mean are presented in table 27.

Figures 9, 10 and 11 are plots of the normalized abun-

dances of trivalent cations vs. the ionic radius of the

cation. Smooth curves have been drawn through the points

as was described in the introduction. The general form of

the meteoritic distribution curves agrees very well with

the variation of partition functions for analogous terres-

trial minerals (Jensen, 1973). These similarities suggest

that the trace elements behave in a regular way in the L-6

chondritic minerals. The orderliness of the distribution

of elements provides support for my initial assumption that

the distribution of trace elements within a petrologic type
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Table 27. Average Normalized Abundance of Cations in
Minerals from L-6 Chondrites

Feldspar Diopside Hypersthene Olivine

Cr Ave. .35 2.02 0.38 0.11
S .035 0.2 0.07 0.035
%S 10 % 9.9% 18 % 32 %

V Ave. 0.68 6.6 1.00 0.3
S 0.03 0.55 0.15 0.1
%S 4.4% 8.3% 15 % 33 %

Sc Ave. 16.2 1.17 0.24
S 0.69 0.34 0.067
%S 4.3% 29 % 27.9%

La Ave. 0.76 1.06 0.095 0.036
S 0.33 0.20 0.096 0.012
%S 43 % 18.9% 99 % 33.3%

Ce Ave. 0.32 1.94 0.093 0.024
S 0.38 0.89 0.12 0.077
%S 118 % 46 % 129 % 312 %

Sm Ave. 0.45 3.7 0.083 0.05
S 0.34 1.5 0.12 0.016
%S 76 % 41 % 145 % 32 %

Tb Ave. 0.37 4.6 0.21 0.03
S 0.43 2.6 0.16 0.019
%S 116 % 57 % 76 % 63 %

Yb Ave. 0.32 3.5 0.67 0.05
S 0.22 4.8 0.25 0.036
%S 69 % 137 % 37 % 72 %

Lu Ave. 0.54 4.5 0.94 0.11
S 0.20 3.6 0.20 0.026
%S 37 % 80 % 21 % 24 %

Ni Ave. (x10-3) 9.7 6.3 9.3 5.76
S 4.43 9.3 5.0 4.47
%S 46 % 148 % 54 % 78 %

Co Ave. (x10-3) 5.65 11.0 12.2 24.3
S 7.0 20 8.3 8.95
%S 124 % 182 % 68 % 37 %
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Table 27. continued

Feldspar Diopside Hypersthene Olivine

Mn Ave. 0.63 1.31 1.29
S 0.028 0.095 0.07
%S 4.4% 7.3% 5.4%

Zn Ave. 0.07 0.50 1.12 1.08
S 0.23 0.06 0.07
%S 46 % 5.4% 6.5%
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6 chondritic meteorite approximates thermodynamic equili-

brium within that meteorite.

I calculated the standard deviation to use as a rather

rough index of the homogeneity of the elemental abundances

between the minerals from the three L-6 chondrites. Obvi-

ously some of the elements, notably the REE, have very

large standard deviations, much larger than could be attri-

buted to the precision of the analytical procedures. The

apparent heterogeneous distribution of the REE between the

three chondrites will be discussed in a later section.

Keil and Fredrickson (1964) have suggested that the

compositional characteristics of the chondritic minerals

were established prior to accummulation of the chondrites.

If this were the case, then a mineral/liquid or mineral/gas

phase distribution coefficient would be appropriate para-

meters for studying the petrogenesis of the chondritic

meteorites. Indeed, normalized abundances might be repre-

sentative of such distribution coefficients. However, the

absolute magnitude of the normalized chondritic abundances

are not directly comparable with mineral/liquid distribu-

tion coefficients from analogous terrestrial minerals.

Mineral/liquid distribution coefficients are a function of

the geochemical characteristics of the liquid phase as well

as the solid phase. To make a meaningful comparison of

distribution coefficients between systems, the physical and
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compositional characteristics of both phases must be taken

into account.

More appropriate for direct comparisons are the dis-

tribution coefficients between coexisting minerals. If co-

existing minerals were in equilibrium with a third phase

(liquid, gaseous, etc.), they are effectively in equili-

brium with each other. The physical and compositional

characteristics of both solid phases are as important in

the partitioning of elements between them as are these

same characteristics in the elemental distribution between

solid and liquid or gaseous phases. However, in the mete-

orites the physical and chemical properties of both solid

phases can be readily observed in the sample. The physical

and chemical properties of any type of magmatic fluid can

only be hypothesized. Distribution coefficients between

coexisting minerals will be discussed in a later section.

Masuda et al. (1973) performed very precise analyses

for REE on a number of chondritic meteorites. Included in

the analyses were five L-6 chondrites. The REE abundances

in four of these chondrites were normalized with respect to

the REE abundances in the fifth (Leedey). These normalized

distributions showed that the REE exhibited fractionations

in both an absolute and relative sense. Absolute abun-

dances varied from '1,0.80 (Modoc) to rb1.06 (Bruderheim).

Heavy REE showed no relative fractionations, while the

lighter REE had both positive and negative linear
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variations. In addition, some elements, notably Ce had

slightly anomalous values. While the trivalent REE had a

range of relative and absolute abundances, the concentra-

tion of Eu was very nearly constant in four of the five L-6

chondrites.

Figure 12 represents the fraction of each REE which

resides in each mineral of Alfianello. The whole rock

abundance may be expressed as follows:

AREE = E w. a.
1 1

where w. is the fraction of mineral i in the whole rock and

a. is the abundance of the REE of interest in that mineral.

Figure 12 is a plot of wiai/A for each mineral in which REE

could be detected. The phosphate minerals completely

dominate the light REE; at least 80% of the whole rock

abundances are attributable to this phase. The heavier REE

are more evenly distributed. About 40% of Luis in the

phosphates, r,35% in diopside, q.,20% in hypersthene, and 11,5%

in olivine. Feldspar contains approximately 85% of the

total Eu.

Masuda et al. (1973) suggest that the relative frac-

tionations of the REE that they defined between L-chondrites

might be due to the heterogeneous distribution of minor

minerals. If the form of the REE distribution curves

(figures 4 - 8) which have been defined in this work are

representative of all L-6 chondrites, then heterogeneous
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distribution of either phosphate minerals or diopside be-

cause these elements are strongly enriched in a single

phase which does not contain fractionated REE abundances.

Conversely, the heavy REE should be quite sensitive to

variable quantities of these minerals. Heavy REE are more

equally distributed between phases and show distinct inter-

element fractionation in all minerals.

The assumption that the relative or absolute REE abun-

dances in the minerals of all L-6 chondrites are constant

is not valid. The very large standard deviations of the

average normalized REE abundances (table 27) indicate that

the absolute abundances of these elements vary dramatically

in the same mineral from different chondrites. The rela-

tive abundances also vary in the same mineral from differ-

ent chondrites. The Sm/La ratio in diopside from Alfia-

nello is 4.1±0.1 and in the Leedey meteorite the same ratio

is 2.6±0.5. The Lu/Tb ratio in hypersthene from Alfianello

is 1.73±0.05, in Colby and Leedey it is 4±0.2.

It seems nearly certain that the variation in the ab-

solute and relative REE abundances in one mineral must have

complementary variations in another mineral. If this were

not the case, there would be severe differences in both the

absolute and the relative REE abundances in different L-6

chondrites. This is in contrast to the subtle differences

which Masuda et al, (1973) defined in the five L-6 chon-

drites. Perhaps an example of this complementary REE
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component may be seen by comparing the relative abundances

of REE in Alfianello and Colby phosphate minerals. The ab-

solute magnitude of these values are rather imprecise be-

cause of the uncertainty in the correction for impurities,

however, the relative abundances should be very good.

Alfianello phosphates are less severely depleted in the

heavy REE than are the phosphates from Leedey. The nor-

malized Sm/Lu ratio in Alfianello is 106±0.03, in Colby the

same ratio is 1.0±0002. It is unfortunate that I was unable

to analyze either phosphate minerals from Leedey or diopside

from Colby.

The variable relative and absolute abundances of REE

in the same minerals from different L-6 chondrites are pro-

bably the result of secondary processes. They represent

subsolidus equilibrium under different conditions or

different stages of disequilibrium with regards to the REE.

The apparent constancy of the abundance of Eu which

Masuda et al. (1973) defined in five L-chondrites implies a

homogeneous distribution of this element among the L-

chondrites. To investigate the possible explanation of

this homogeneity consider the elemental mass balance equa-

tion: A =
i
w.1 a.. The whole rock abundances of Eu(A) may

be constant because the abundances of minerals in the whole

rocks (w.1 ) are constant, and the abundance of Eu in each

mineral (ai) is constant in all the L-chondrites. Since Eu

is largely concentrated in feldspar this would imply that
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the abundance of Eu in feldspar is constant and the abun-

dance of feldspar in the whole rocks is also constant. The

assumption of constant Eu abundance in feldspar is not cor-

rect. The abundances of Eu in Alfianello and Leedey mete-

orites are essentially constant: 11.7±0.7 and 12.3±0.5

respectively. However, the Eu abundance in the Colby mete-

orite is "30% less than it is in the other two meteorites.

The constancy of Eu in L-chondrites can be explained

in another way to account for variations in the abundance

of Eu in feldspar. If the total quantity of Eu in the

meteoritesisconstantandw.varies from one chondrite to

another, then the abundance of Eu in mineral i will vary in

a complementary manner.

I believe that the evidence suggests that the distri-

bution of REE among the constituent minerals of L-chon-

drites is secondary. The distributions probably represent

various stages of an approach to equilibrium during the

metamorphism of the rocks. The relative and absolute

fractionations which Masuda et al. (1973) defined between

L-chondrites cannot be explained by heterogeneous distri

bution of minor and trace minerals. Similarly, the frac-

tionations do not seem to be attributable to variations of

absolute and relative abundances between constituent min-

erals. Probably the fractionation of REE elements between

different L-chondrites predates the chemical-mineralogical

relationships which are now observed in these meteorites.
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Distribution Coefficients of Trivalent Cations Between
Coexisting Minerals

Pyroxenes

The distribution coefficients for the trivalent

cations between clinopyroxenes and orthopyroxenes are pre-

sented in table 28. This table includes partial results

from two meteorites, two basalts, a dacite and an andesite.

The trends of these distribution coefficients are plotted

in figure 13. Comparisons between meteoritic and terres-

trial distribution coefficients provide very little insight

into the nature of the processes which produced them. REE

distributions between terrestrial minerals vary widely both

in magnitude and in form. Differences between extreme

values are about a factor of five. The values of the

meteoritic coefficients lie in this range. The distribu-

tion coefficient in the basalts steadily increases with in-

creasing ionic radii. The same function determined in the
0

dacitic minerals has a maxima at about lA and then de-

dreases with increasing size of the ions. The latter is in

good agreement with the form of the two pyroxene partition

functions in the meteorites. This observation, unfortu-

nately, does little to clarify whether or not the flat dis-

tribution of the light REE in normalized hypersthene is

truly representative of these elements in this mineral or

is the result of various quantities of phosphate contamina-

tion.
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Table 28. Clinopyroxene/Orthopyroxene Distribution
Coefficients for Trivalent Cations

Alfianello Leedey

Basalts

11 22

Dacite Andesites

13 23

Cr 4.6±0.7 4.8±0.7 7

V 7.3±0.4 5.8±0.3 1.6 2.5

Sc 8.9±0.9 14 ±0.4 2.4±0.2 1.7 2.4

Lu 7.9±0.5 5.1±0.3 8.5±1 1.9 2.4

Yb 10.4±0.7 6.0±0.5 9 ±2 2.8

Tm 16.5±0.8

Er 2.9 4.2

Dy 5.0 7.9

Tb 18 ±1 20 ±2 21 ±2

Sm 13.5±0.4 15.5±1.5 9.5 9.4

Nd 17 ±1.3 53 ±9 11 7.9

Ce 7.6±0.3 6.4±0.8 64 ±10 13 4.4

La 4.1±0.1 7 ±1

1 Onuma et al. (1968)

2 Schnetzler and Philpotts (1970)

3 Ewart and Taylor (1969)
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Chromium, V, and Sc are partitioned very differently

between the meteoritic pyroxenes than between the terres-

trial minerals. The very meager data for coexisting ter-

restrial pyroxenes indicates a decrease in D

going from Cr to V to Sc. This decrease is in direct con-

trast to the very well defined increase in the partition

functions through the same sequence of elements in the

meteoritic pyroxenes. This distribution coefficient for Sc

in the meteorites is 5-6 times larger than the analogous

quantity in the terrestrial rocks.

I think the most likely explanation for the large dif-

ferences lies in the nature of the clinopyroxenes. Com-

positional and crystallographic differences between augite

and diopside may result in variations in the ability to

accommodate trace elements. The augites are generally de-

ficient in Ca and enriched in Fe+2 and Al relative to the

meteoritic diopside. The accommodation of trace elements

may very well be a function of the relative amounts of the

major cations. Zussman (1968) states that greater differ-

ences in the sizes of ions may be accommodated in the

pyroxene structure by changes in the silicate chains, or

in their relative positions, without a change in the over-

all symmetry as reflected in the space group. He further

states: "There may be a tendency to think of diopside, a

common pyroxene with a simple formula, as a 'standard"

structure, but details of the structure are not known and
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this choice may well turn out to have little merit even

after the structure has been determined accurately."

It is not particularly surprising that comparisons of

this type do not yield much information. It was difficult

to obtain the meager data which were presented for terres-

trial systems. Those that are presented represent minerals

from the same rocks. This does not imply that they were in

equilibrium. Kretz (1963) states: "It is common knowledge

that grains of a mineral may vary in composition within

distances of only a few centimeters. For this reason,

..... minerals that were not extracted from the same small

volume of rock are .... disregarded" (in considering

equilibrium between coexisting minerals. It seems rather

unlikely that the terrestrial minerals meet the criteria

which Kretz (1963) describes. Probably the mineral/mineral

distribution coefficients which are presented in this paper

are the best that are available for these trace elements.

Olivine

Elemental distribution in meteoritic olivine is shown

in figure 11. This seems to be the most completely defined

curve which is available for olivine. It has been men-

tioned previously that light REE abundances probably repre-

sent contamination by phosphate minerals. However, the

shape and magnitude of the three heaviest REE cannot be

accounted for by contamination from other phases. The
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0 0

curve from 0.7A (Cr+3) to 0.94A (Tm+3) is probably represen-

tative of elemental distribution in olivine. The remainder

of the REE are very likely not indigenous to olivine.

Higuchi and Nagasawa (1969) have determined olivine

distribution curves which increase through the sequence of

La-Lu. This is in accord with my spectulation on the true

nature of the meteoritic olivine REE distribution curve.

Schnetzler and Philpotts (1969) did not observe any frac-

tionation through the REE elements in olivine, however,

they discussed the possibility that the flat distribution

pattern might result from matrix contamination.

Jensen (1973) speculated on the shape of the olivine

distribution curve, although she only defined the REE por-

tion of the curve. Olivine has two non-equivalent lattice

positions which probably differ very little in their abi-

lity to accept cations. It is likely that the tso sites

could not be resolved, resulting in one broad peak. This

may well be the case as indicated by the distribution co-

efficients in figure 11. The DSc /Dv ratio is less than

it is in hypersthene.

Partition functions for the distribution of tri-

valent elements between hypersthene and olivine in the

meteorites are presented in table 29. These values have

only been calculated through Tm+3 because of the suspicious

nature of the light REE abundances in olivines. Agreement

between the three meteorites is very good. Unfortunately,
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I could find no data for these co-existing minerals in

terrestrial rocks to use for purposes of comparison.

Table 29. Hypersthene/Olivine Distribution Coefficients
for Trivalent Cations

Alfianello Colby (Wisconsin) Leedey

Cr 3.3±0.5 3.6±0.5 2.9±0.4

V 4.2±009 3.0±0.4

Sc 540±0.5 5.0±0.1 4.8±0.1

Lu 7.5±0.4 9.7±0.7 6.7±0.4

Yb 8.4±0.3 8.6±0.7 10.2±0.3

Tm 9.3±0.8 12.6±0.7

Partitioning of Divalent Cations

Manganese and Zinc

Zinc is a critical element in understanding the

petrogenesis of the meteorites. It is one of a group of

trace elements which are commonly termed volatile elements.

These elements are fractionated between different chondri-

tic subgroups. The fractionations vary from simple enrich-

ment or depletion by a constant factor, to complex absolute

and relative variations between elements. Zinc is uni-

formly depleted by a factor of ten, relative to C-1 car-

bonaceous chondrites, in L-chondrites from all petrologic

types (Keays et al,, 1971). Manganese by contrast is un-

depleted in the L-chondrites.
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Zinc and manganese have almost identical geochemical

properites in these rocks. They are perfectly correlated

in the two principal ferromagnesium minerals and both are

enriched in chromite. Zinc enrichment in the opaque min-

eral is much greater than Mn. Zinc abundances in chromite

are nearly 50 times the abundance in the coexisting sili-

cates. Manganese is only enriched rx,1.5 times relative to

the silicate abundances.

Manganese distribution in these chondrites is pre-

dictable compared to terrestrial rocks. It is one of the

few elements which I studied for which there are abundant

terrestrial data for comparison. Kretz (1963) and Mueller

(1961) both discuss the distribution of Mn between coexist-

ing minerals. The data from Kretz (1963) represent min-

erals which are the most likely to approximate true thermo-

dynamic equilibrium, since Kretz was conscientious about

the problem of local equilibrium. The distribution co-

efficient which Kretz (1963) and Mueller (1961) define is

with respect to the mole fraction of Mn in each mineral,

i.e., (Mn/Mn+Mg+Fe). The average values for the ortho-

pyroxene/clinopyroxene distribution coefficients in meta-

morphic and igneous rocks are presented in table 30 along

with the meteoritic values.

Kretz (1963) notes that there is no apparent dis-

tinction between minerals from igneous and metamorphic

rocks. No implications can be made concerning the effect
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of pressure and temperature on the distribution of manga-

nese. In fact, the distribution coefficient of Mn is quite

variable in terrestrial minerals which have tightly grouped

Table 30. Orthopyroxene/Clinopyroxene Distribution Co-
efficients for Manganese (Mn/Mn+Mg+Fe)

1Metamorphic (13)

2Metamorphic (24)

2lgneous (13)

Leedey

Alfianello

1.18±0.08*

1.13±0.37*

1.02±0.27*

1.16±0.05**

1036± .06**

( ) Number of samples included in the average

* Std. deviation from the mean value.

** Analytical uncertainty.

1

2

Mueller (1961)

Kretz (1963)

values for the major element distribution coefficient.

Kretz (1963) speculates that the variability might repre-

sent various degrees of departure from equilibrium.

Orthopyroxene/olivine distribution coefficients are

presented in table 31. Note that these distribution co-

efficients are merely the ratio of the abundance of Mn in

each mineral.

The comparison between terrestrial and meteoritic

orthopyroxene/olivine distribution coefficients yields the

same conclusions as the two pyroxenes. The terrestrial

values represent a rather wide range of abundances. The
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distribution coefficients for the meteorites fall within

the standard deviation of their terrestrial analogs.

Table 31. Orthopyroxene/Olivine Distribution Coefficients
for Manganese (Mn/Mn)

lUltramafic (24) 0.9 ±0.2*

Alfianello 1.05±0.05"

Colby (Wisconsin) 1.05±0.05"

Leedey 1.02±0.05"

( ) Number of samples which comprise the average value.

Standard deviation from the mean.

Analytical uncertainty

Ross et al, (1954)

The terrestrial minerals present rather widely defined

limits for the distribution of Mn between the ferromagnesi-

um silicates. Within these limits, the Mn distribution be-

tween coexisting meteoritic minerals appears to be very

normal.

The distribution of Zn is much more difficult to

evaluate. I was able to find few comparative data from

terrestrial systems. These data are presented in table

32. The comparisons do not provide much insight into the

nature of the Zn distribution.

Note the remarkable similarity between the orthypyro-

xene/olivine distribution coefficient for Zn and Mn (table

31). If the physical properties of these two elements are

considered, the similarities in their distributions are not
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surprising. Divalent Zn has an ionic radius of 0.83A. Di-

valent Mn, in the high spin state, has an ionic radius of
0

0.91A. These radii essentially bracket the ionic radius of
0

Fe (0.86A in the high spin state), one of the major cations

in the silicates which have been considered.

Table 32. Zinc Distribution Coefficients.

D
Diopside/Olivine

1Terrestrial
1Terrestrial

Alfianello

Leedey

D
Orthopyroxene/Diopside

.09

.05

0.35±

0.70±

.02

.04

1Terrestrial 2.00

1Terrestrial 40.00

Alfianello 3.0 ±0.2

Leedey 1.6 ±0.08

D
Orthopyroxene/Olivine

Alfianello 1.05± .05

Colby (Wisconsin) 1.01± .05

Leedey 1.09± .05

DeVore (1955)

Both Zn and Mn are transition elements. Manganese has

a half filled d orbital, Zn has a filled d orbital. As a

consequence, both have electron densities which are spheri-

cally symmetrical. The two elements are quite similar in

those properties which are generally regarded as affecting

the geochemical behavior of an element.
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The promise of geochemical similarity is not normally

fulfilled in terrestrial or many meteoritic systems. Neuman

(1949) in a paper on the mineralogy and geochemistry of Zn

noted the similarity between the ionic radii of Zn, Mg, and

Fe and commented that despite this similarity there are few

cases in which there are ferromagnesium minerals which are

isomorphic with known Zn minerals. Zinc minerals with

chemical formulas equivalent to the formulas of ferromag-

nesium minerals generally have entirely different crystal-

lographic properties.

Traditionally, Zn is considered as a chalcophilic ele-

ment, Mn a lithophilic element. However these generalities

are not pertinent because they are quite dependent upon the

conditions of formation of the rock. For instance, some of

the highly reduced enstatite chondrites contain both Zn and

Mn in the sulfide phases (Ramdohr, 1963). The traditional

classification of Zn as chalcophilic may have resulted from

early studies of the sulfide phases of enstatite chondrites.

The generalization does not follow in the ordinary chon-

drites, which I have examined.

The distribution of Zn in the silicate minerals of

meteorites provides a paradox. It shows behavior that is

quite predictable on the basis of standard geochemical

criteria. However, the element does not normally show such

predictable behavior in terrestrial rocks.



133

If I assume that the geochemical properties of an ele-

ment can be predicted on the basis of its ionic radius, then

I can examine the distribution of Zn further. Divalent Zn

and Co+2 have identical ionic radii. Perhaps a comparison

between the distribution of Zn in meteorites and Co in ter-

restrial minerals would provide some insight into the

nature of the former. Onuma et al. (1968) determined the

mineral/liquid partition function for Co and Mn in terres-

trial augite and bronzite. The ratio of these partition

functions are presented in table 33 along with the ratio of

C-1 normalized abundances of Mn and Zn in analogous meteori-

tic minerals.

If the comparison has any basis at all, it suggests

that these silicates equilibrated with a system which was

depleted in Zn by an order of magnitude relative to C-1

carbonaceous chondrites. This agrees with the whole rock

abundances in which Zn is depleted by a factor of ten rela-

tive to C-1 carbonaceous chondrites.

Table 33. Comparison Between Normalized Mn/Zn in Meteoritic
Minerals and Mn/Co in Terrestrial Minerals

Clinopyroxene Orthopyroxene

1Basalt (Mn/Co)

Alfianello (Mn/Zn)

Colby (Wisconsin) (Mn/Zn)

Leedey (Mn/Zn)

1.1

13

8

0.7

11

11

11

1 Onuma et al. (1968)
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The presence of a phase which enriches Zn to such an

extent would tempt speculation concerning the possibility

of chromite fractionation to explain the depletion of Zn in

ordinary chondrites. It is immediately obvious that this

could not be the case since Cr and V would be depleted to a

much greater extent than Zn by such a process. Both Cr and

V abundances remain essentially constant throughout the

chondritic meteorites.

Larimer (1967) and Larimer and Anders (1967) have pro-

posed a two-component condensation model to explain the

fractionation of the volatile elements. According to their

model the chondrites are comprised of a high temperature and

a low temperature component. The high temperature component

consists of high temperature minerals which condensed from

the solar nebula. These minerals formed in an unequili-

brated process and were removed from chemical equilibrium

at a high temperature. In principle, this component con-

tained none of the volatile elements. The low temperature

portion formed under slow cooling conditions so that equir.

librium was maintained through the entire temperature gra-

dient. The trace elements formed solid solutions with

major phases. The effect was to increase the temperature

at which the trace elements began to condense from the

solar gas and to extend the condensation over a wide tem-

perature range. In this way, the low temperature component

could obtain fractional portions of the solar abundances of
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the trace elements. Accretion of the solar dust into mete-

orite bodies effectively removed the material from chemical

equilibrium with the solar gas. The abundances of the vola-

tile trace elements were functions of the temperature at

which the meteorite began to accrete.

According to this model, Mn was quantitatively included

in both components. Zinc on the other hand was totally ex-

cluded from the high temperature phase. It was fractionally

depleted in the low temperature phase due to accretion of

the meteorite at a temperature at which Zn was only par-

tially condensed. This implies that Zn must have formed a

solid solution with a major phase in the low temperature

component, probably troilite.

Recrystallization of the L-6 chondrites undoubtedly

altered the primary chemical relationships, so that no un-

ambiguous statement can be made about the processes of for-

mation. It seems quite certain that the mineral relation-

ships which Zn has in these chondrites do not fit the con-

densation model. If Zn formed a solid solution in the

silicates, it would certainly have been totally condensed

in the low temperature component. In this case, it would

be what Larimer and Anders (1969) call a normally depleted

element, i.e., depletion due to dilution with the high tem-

perature phase.

Consider the possibility that Zn condensed as a solid

solution in troilite and then attained its present state
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during the recrystallization process. A question to con-

sider is whether or not the redistribution of Zn in the

solid state is thermodynamically possible. A possible

reaction for the redistribution of Zn:

2ZnS + Fe2SiO4 t 2FeS + Zn2SiO4

The Gibbs free energy for this reaction was calculated

at temperatures of 800°C, 900°C, and 1100°C. The functions

were calculated using the empirical relationship

AG = A + BT log T + CT.

The coefficients for the appropriate reactions were

obtained from Kubaschewski and Evans (1956). The results

are: for T = 800°C AG = 17±14 kcal; for T = 900°C AG ='6±

14 kcal; and for T = 1100°C AG = 4±14 kcal.

The AG's which have been calculated are identical to

Lp° in equation (2) of the introduction of this section.

Consider that FeS is nearly pure and thus fFeS=1 and that

olivine forms an ideal solid solution in terms of Fe and Mg

end members so that fF
e2SiO

4=1. Then the distribution co-

efficient in terms of concentration of Zn and Fe concentra-

tions becomes:

f
olivine

(Fe/Zn) troilite Zn Ap°/RT
D

(Fe/Zn) olivine f
troilitec
Zn

The difficulties involved in proceeding further become

overwhelming. The activity coefficients of Zn in olivine

and troilite are not known. The uncertainties in Ap° (AG)
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are so large that the distribution coefficient cannot be

evaluated with any meaning. The only conclusion that might

be drawn is that Ap° (AG) is close enough to zero that pres-

sure, temperature, and compositional factors might indicate

the thermodynamic feasibility of Zn undergoing phase changes

in conjunction with a high temperature recrystallization of

the rock. The same is probably not the case for forsterite

which has a Ap° of +60 kcal for the Zn exchange reaction at

T=01°C.

Nickel and Cobalt

In another portion of the paper,I demonstrated that the

nonmetallic minerals contained indigenous quantities of Co

and Ni. It is not surprising that the normalized abundances

of these elements are two orders of magnitude lower than

the normalized abundances of other divalent elements. The

major portions of these elements reside in the metallic min-

erals in their elemental form. Despite the absolute deple-

tion of these siderophilic elements, I would expect their

distribution between lithophilic minerals to be the same as

the distribution between these same minerals in other sys-

tems. This is not the case. Table 34 presents the distribu-

tion coefficients for Co and Ni between pyroxenes and oli-

vines from a number of terrestrial sites and the three

meteorites.

The distribution coefficients for Co and Ni in mete-

orites are generally_larger than their terrestrial ana-

logues and have a much greater range of values. These
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characteristics are also quite different than were observed

for Mn and Zn which had tightly grouped values for the dis-

tribution coefficients.

Table 34. Pyroxene/Olivine Distribution Coefficients for
Nickel and Cobalt

Ni Co

lDuluth Complex (Ave.)* 0.42 ±0.16 0.42±0.13

1Duluth Complex (Ave.)* 0.30±0.06 0.28±0.06

2Ultramafic (Ave.) (Enstatite) 0.21±0.05 0.36±0.09

Alfianello (Orthopyroxene) 1.6 ±0.08 1.2 ±0.03

Colby (Wisconsin)(Orthopyroxene)0.85±0.04 0.83±0.007

Leedey (Orthopyroxene) 0.42±0.12 0.67 ±0.007

Alfianello (Clinopyroxene) 2.5 ±0.2 2.0 ±0.07

Leedey (Clinopyroxene) 0.66±0.16 0.49±0.02

1Snyder (1959)

2Ross et al. (1954)

*Type of pyroxene not specified

Differences between terrestrial and meteoritic distri-

bution of Co and Ni are also obvious in considering the co-

variance of Co and Ni (figure 14). Cobalt and Ni show a

strong covariance in terrestrial minerals, as they do in

meteoritic minerals. However, the covariance in meteorites

appears to be very weakly dependent upon the nature of the

mineral while the opposite is true in terrestrial rocks.

The abundances of Co and Ni in terrestrial olivines are

always greater than in pyroxenes. The range described for

the covariance is remarkably well defined for each mineral
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in ultramafic rocks and they fall upon the covariant line

described by the meteoritic minerals. Mafic minerals des-

cribe a much larger range of covariance than the ultra-

mafics. Nickel is relatively depleted in the mafic min-

erals compared to the ultramafic and meteorite trend. This

depletion is due to fractionation of Ni and Co by early

forming ferromagnesium minerals which are preferentially

enriched with Ni (Turekian, 1963)0

There are suggestions of a relationship between the

mineralogy and the Co and Ni abundance in meteorites:

troilite chromite > olivine hypersthene diopside

phosphate > feldspar. There are many exceptions, i.e., a

feldspar with concentrations equivalent to olivine and

pyroxene, a diopside and a hypersthene sufficiently depleted

in Co and Ni to be close to the feldspars, etc.

I believe that a very likely explanation for the nature

of the distribution of Co and Ni has been suggested in a

paper by Wood (1967) on metallic minerals. "The evidence

is strong, then, that the chondritic metal grains formed in

situ not elsewhere. This being the case, the curious

occurrence of high Ni taenite borders abutting on silicates

instead of kamacite can only mean that during metamorphism

Fe and Ni were able to move with ease from one metal grain

to another through intervening silicates, so that isolated

taenite and kamacite grains were effectively in contact

with one another." Wood estimated the cooling rate of the
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meteorites and the last temperature of equilibrium between

the metallic minerals. Based upon the phase diagrams for

Fe-Ni metal, Wood's estimation of temperature was 450-550°C.

Contrast this with the estimates of the last equilibrium

temperature of the silicates which vary from q,800°C to

",1100°C. All estimates are considerably higher than the

metallic phase equilibrium temperatures. Dodd (1969) sum-

marizes the situation " ... the type 6 chondrites appear to

represent equilibrium at high temperatures (820°C or higher

....) followed by slow cooling during which some phases

(notably metal) continued to change composition."

Nickel in thermodynamic equilibrium between olivine

and the metallic minerals is described by chemical reaction

(a):

(a) 2Fe + Ni2SiO4 t 2Ni + Fe2SiO4

Ringwood (1956) determined that Ni substitutes pri-

marily for Fe in olivine, so reaction (a) should correctly

describe the Ni equilibrium between olivine and metal. I

have already mentioned that Fe and Mg in olivine probably

closely approximates an ideal solution. Campbell and

Roeder (1968) determined that Ni and Mg (and therefore Ni

and Fe) also approximate an ideal solution in olivine.

Similarly, Fe and Ni approximate an ideal solution in the

metallic phase (Kaufman and Cohen, 1956). Therefore, the

equilibrium constant for reaction (a) can be written neg-

lecting the activity coefficients
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M ol
Ni FezSiO4K

(a)

) X

vol
X
Pe "Ni2SiO4

lwhere :K1.1 and :K.
o

are the mole fractions of component i in

metal phase and olivine respectively. The equilibrium

reaction can be written:

AG
In K

(a) RT
(a)

Buseck and Goldstein (1969) utilized this equation to esta-

blish the relationship between the composition of olivine

and the temperature of equilibration. Values for AG(a)

were calculated for equation (a) at different temperatures

in a manner exactly analogous to the calculations which I

made in conjunction with the discussion of Zn. Buseck and

ol olGoldstein (1969) plotted log(X., /X,. ,., )vs. 1/T for
re2oly4 1.112o1u4

olivine in equilibrium with metallic minerals with various

Ni contents. I have reproduced the plot from Buseck and

Goldstein (1969) in figure 15. I have also added lines for

metallic minerals with greater Ni contents. I cannot de-

termine an exact temperature of equilibrium because I cannot

identify a specific Ni content for the metal phases in

equilibrium with olivine. The edges of grains of kamacite

have 5-6% Ni, the edges of grains of taenite contain 44-55%

Ni (Wood, 1967). If I assume that only the edges of the

metallic minerals are in equilibrium with olivine and these

edges are in the same proportion as bulk kamacite and

taenite in the whole rock (2% taenite, 8% kamacite, Van
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Schmus, 1969), I calculate that metal in equilibrium with

olivine is about 15% Ni. Using the temperature estimated

from the 15.5% Ni line in figure 15, I get the following

temperatures: for Colby (Wisconsin), T = 930°C; for

Alfianello, T = 730°C; and for Leedey, T = 494°C. Wood

(1967) estimated the last temperature of equilibration for

the metallic minerals to be 450°C. The estimate for Leedey

is in good agreement with this estimate. However, the

temperatures for Alfianello and particularly Colby seem to

be high.

It is surprising that the Colby meteorite gives the

highest temperature for Ni equilibrium. In the next sec-

tion the Rb/Cs ratio has been discussed as an indicator of

relative thermal histories of the meteorites. According to

this ratio, Colby has been subjected to lower temperatures

than either Leedey or Alfianello.

Either one of the elemental abundances are in error,

or the Rb/Cs ratio and the equilibration of Ni are indica-

tive of different processes, or my interpretation of the

meaning of these parameters is in error.

Fractionation of Alkali Elements in L-6
Chondritic Meteorites

Potassium, Rb, and Cs display a wide range of absolute

and relative fractionations in the chondritic meteorites.

Potassium and Rb are undepleted in ordinary chondrites

relative to C-1 carbonaceous chondrites. Cesium is
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depleted in ordinary chondrites but it does not have a well

defined depletion in chondrites from the same petrologic

type as do most of the other so-called volatile elements.

Cesium abundances in different chondrites from the same

petrologic type will vary from undepleted to severely de-

pleted relative to C-1 carbonaceous chondrites (Larimer and

Anders, 1967; Keays et al., 1971).

Goles (1971) reviewed the data which was available for

K, Rb, and Cs abundances in chondritic meteorites, and ex-

amined variations in the absolute and relative abundances

of these elements between samples of the same chondrite and

between samples of different chondrites. The fractionations

which Goles (1971) observed for these elements suggest

varied thermal histories for the chondrites, even for stones

within the same chondritic subgroup. Within a particular

subgroup of the ordinary chondrites there are meteorites

which have essentially constant Rb/Cs ratios despite a wide

range of absolute abundances of Cs. Covariance of elements

in this manner suggests that the fractionation of minerals

which are strongly enriched in the two elements is one of

the petrogenetic links between the meteorites.

Ordinary chondrites also display complex relationships

between the Rb/Cs ratios and the petrologic type. All Rb/

Cs ratios greater than 100 are from meteorites of petrolo-

gic type 5 or 6. All type 3 and 4 chondrites have Rb/Cs

ratios which are less than 40. However, there are some
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petrologic type 5 and 6 chondrites which have Rb/Cs ratios

less than 40.

Goles (1971) interprets these variations in the Rb/Cs

ratios as indicators of the thermal histories of the chon-

drites. Cesium is allegedly a very volatile element,

therefore the Cs abundance is a function of the degree of

thermal metamorphism or the temperature of initial accre-

tion. Chondrites with higher Rb/Cs ratios represent stones

with higher temperature thermal histories than those with

lower Rb/Cs ratios.

The chemical-mineral relationships of these elements

have been discussed in a previous section. Large portions

of the total Cs and lesser portions of the Rb probably re-

side at interstitial sites. The remaining portions of

these elements are associated with the feldspar minerals,

at least 80-90 percent of the total Rb resides in the

feldspars. The proportion of Cs in feldspar relative to the

whole meteorite probably varies from one meteorite to the

next.

The volatility of an element is a function of the state

of chemical composition of that element. Cesium in a solid

solution of potash feldspar undoubtedly has a lower fugacity

than Cs as the primary component of some accessory of inter-

stitial phase. Therefore, I would expect that it is the Cs

which resides in the interstices which is sensitive to

thermal events. If this is the case, the Rb/Cs ratio of
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feldspar is the upper limit of the ratio in whole rocks,

i.e., if all the interstitial Cs has been volatilized then

the Rb/Cs ratio in feldspar is the same as the Rb/Cs ratio

in the whole rock. If this postulation is correct, then

the maximum Rb/Cs ratio in whole meteorites should be be-

tween 1100-1300 and the maximum K/Cs ratio around 3.25-

3,50x106 (table 35). The maximum Rb/Cs ratio which Goles

(1971) reports is 1250, the maximum K/Cs is 3.99x106, these

are in the Leedey meteorite. I obtained a Rb/Cs ratio of

1068 for the same meteorite. This implies that most of the

Cs in Leedey resides in the feldspar minerals.

The principal flaw in this interpretation of the Rb/Cs

ratios is the classic one involving volatile elements and

fractional depletion of those elements. Compounds volati-

lize over a distinct narrow temperature range. Except

under highly improbable circumstances an element or com-

pound is either completely volatilized (totally depleted)

or not volatilized at all (totally undepleted). If this

were the case, there should be only three elemental abun-

dances for Cs: 1) completely undepleted, the extreme tem-

peratures were lower than the condensation point of inter-

stitial Cs or Cs in feldspar; 2) partially depleted by a

fixed amount, the temperature history of the rock was

higher than the condensation temperature of the most vola-

tile Cs compound; 3) completely depleted, the extreme tem-

perature of the rock surpassed the boiling point of both
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phases which contain Cs. The Rb/Cs ratio should be one of

three fixed values (assuming the Rb concentration remains

constant), not a continuum of values as it seems to be in

the ordinary chondrites.

Dodd (1969) suggested that the partial depletion of

volatile elements might be due to the element residing in

several lattice sites in a complex mineralogical system.

The activation energy of these sites would vary and thus

the volatilization of the element from the whole rock will

appear to vary over a range of temperatures during a reheat-

ing of the rocks.

Larimer (1967) and Larimer and Anders (1967) explain

partial depletion of trace elements by the condensation of

the elements as solid solutions with the major phases. The

formation of solid solution elevates the initial tempera-

ture of condensation of the trace element and extends the

condensation over a large range of temperatures.

Neither of these explanations seems satisfactory for

Cs in the interstitial sites. The nature of the intersti-

tial phase is not known, but it seems highly unlikely that

Cs will be a trace element in that phase. Therefore, the

condensation or volatilization temperature of Cs in this

phase should be sharply defined. I do not propose an ex-

planation for the dilemma.

The K/Cs, Rb/Cs, and K/Rb ratios in feldspars and

samples from the whole meteorites are presented in table 35.
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Table 35. Alkali Element Ratios in L-6 Chondritic Mete-
orites and Feldspars from L-6 Chondritic Mete-
orites

K/Cs(x10-3) K/Rb Rb/Cs

Alfianello Feldspar

Colby (Wisc.) Feldspar

Leedey Feldspar

Alfianello

336±17

327±60

314 ±14

308±30

1070± 14

1060±118

1340± 80

740±260

Colby (Wisc.)

Leedey

336± 87

1068

If the Rb/Cs ratio is indeed an indicator of the ther-

mal history of the meteorites, then Leedey and Alfianello

have experienced higher temperatures than the Colby mete-

orite (table 35). This observation is interesting because

the characteristics of the Colby meteorite during mineral

separations suggested that it was not as well crystallized

as the other two meteorites. I was unable to obtain clean

separates of feldspar and phosphate minerals without using

the portion of sample which had been crushed to less than

44p in diameter. The separates from Colby generally con-

tained more impurities than the separates from the other

two minerals. Diopside from Colby was so contaminated that

the results of the analyses on it could not be used. The

chromite enriched separates only contained 50% chromite.

All these characteristics suggest that Colby was fine

grained with more intergrowth of minerals than Alfianello

or Leedey. These are petrologic properties which suggest a
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less intense metamorphism for the Colby meteorite than for

the other two meteorites.

A study which attempted to correlate the petrographic

properties of the ordinary chondrites with the Rb/Cs ratio

might be able to define a relationship between the degree

of recrystallization and this elemental ratio. Such a co-

variant relationship would certainly provide evidence con-

cerning the interrelationship between metamorphism in the

meteorites and the depletion of volatile trace elements.
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SUMMARY AND CONCLUSIONS

Probably the true value of defining the distribution

of elements will not be realized until more work has been

done on other meteorites. The chemical study of whole rock

meteorites seems to have evolved from large generalities

based upon differences in gross properties of the meteor-

ites, to subclassifications based upon subtle variations in

minor and trace elements. The present trend may be the

definition of very fine differences between individual mete-

orites from the same subgroups (Masuda, 1973). The defini-

tion of the chemical properties of individual minerals has

been advanced enormously with the development and general

usage of the electron microprobe. The second stage of this

evolution is probably just beginning with work such as has

been presented in this paper. The primary barrier to de-

fining the distribution of trace elements in meteoritic

phases is in attaining the mineral separates. In order to

accurately and precisely determine the whole range of trace

elements in all phases, the separated minerals, particularly

the minor ones, must be cleaner than they were in this work.

The use of heavy liquids is an inhibiting factor. These

liquids will preclude the attainment of completely unambigu-

ous results as long as they must be used to do the mineral

separations.
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The results of the chemical analyses of meteoritic min-

erals provides the following observations concerning the

nature of the L-6 chondritic meteorites:

1. Most of the elemental distributions suggest that

the trace elements, like the major elements, are well

ordered if not equilibrated in L-6 chondrites. Selenium

and Rb, to the limits of precision, are uniquely associated

with troilite and feldspar phases, respectively. Normali-

zed trivalent cation abundances show regular variations in

the principal silicate minerals as a function of the ionic

radius of the element. The form of the distribution curves

at least superficially resembles distributions in analogous

terrestrial minerals. The partitioning of Mn between ferro-

magnesium minerals agrees with terrestrial distribution co-

efficients between similar minerals.

2. The REE are well ordered within a given meteorite

but there are differences in both the absolute and relative

abundances in the same minerals from different meteorites.

Differences in absolute abundances between minerals from

different rocks must have complementary variations in the

REE abundances in other phases. If this were not the case,

the whole rock abundances would show much larger variations

in their absolute magnitudes than they do. Neither hetero-

geneous distribution of minor minerals nor differences in

absolute or relative abundances of minerals from different

meteorites are believed to account for the REE
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fractionations which Masuda (1973) has identified between

different L-chondrites. I suggest that the fractionations

are the result of processes which occurred prior to the

chemical-mineralogical relationships which the chondrites

have now.

3. Manganese and Zn have very similar geochemical

affinities in these L chondrites. In spite of their simi-

larities, the two elements have different whole rock abun-

dances relative to C-1 carbonaceous chondrites. Manganese

is undepleted in ordinary chondrites, Zn is depleted by a

factor of ten. The present geochemical affinity does not

provide an obvious mechanism for the depletion of Zn. It

is probable that the depletion predates the present chemi-

cal-mineralogical relationships. Thermodynamic data are

sufficiently imprecise to determine whether Zn could have

attained its present lithophilic character by redistribution

from the sulfide phase during high temperature recrystalli-

zation.

4. Quantities of Ni and Co have been determined which

are indigenous to the non-metallic minerals. The charac-

teristics of the distribution of these elements between

ferromagnesium silicates are different than the distribu-

tions between analogous terrestrial minerals. The Co and

Ni abundances in non-metallic minerals probably represent

equilibrium with metallic minerals at relatively low tem-

peratures. The calculation indicates that the final
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temperature of Ni equilibration decreased in the order

Colby > Alfianello > Leedey.

5. Cesium and Rb are concentrated in the feldspar

minerals as would be expected. However, substantial quan-

tities of Cs were also determined in other minerals. The

ubiquitous nature of Cs is probably the result of intersti-

tial phases in which Cs is highly enriched. The Rb/Cs

ratio in feldspar is essentially constant between the three

meteorites. The Rb/Cs ratio in the whole meteorites vary

between the three samples. This variation in the whole

rock Rb/Cs ratio may be indicative of some aspect of the

thermal history of these chondrites. The volatility of Cs

may have caused the element to be partially depleted during

thermal episodes. The whole rock Rb/Cs ratio indicates

that the thermal event which depleted Cs was the greatest

for Leedey; Alfianello was subject to lower temperatures

and Colby still lower. The relative temperatures indicated

by the Rb/Cs ratio are inverted compared to the relative

temperatures determined by the equilibration of Ni between

olivine and metal. The different temperatures may be

indicative of different thermal events or they may indicate

a misinterpretation of the meaning of the data.
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APPENDIX A

UNCORRECTED ELEMENTAL ABUNDANCES IN MINERALS FROM

L-6 CHONDRITIC METEORITES



Table 1A. Uncorrected Elemental Abundances in Minerals from the Alfianello Meteorite.
Feldspar Diopside Chromite Metal Phosphate Troilite Hypersthene

Al (%) 9. 8 1. 3 2. 44 . 168 1.42 .06200 . 324
.5 .3 .09 . 003 .03 . 0002 . 005

Na (%) 6.53 . 90 .074 . 104 1. 81 . 02400 . 192
. 09 . 01 . 001 . 002 . 03 . 0003 . 002

Ca (%) 1.5 11. 97 N.D. . 31 31. 1 . 060 . 91

.2 .2 .03 .6 .008 .12

Cr (%) . 110 .531 24. 8 . 132 .015 . 0128 . 152
. 001 . 005 . 2 . 006 . 002 . 0003 . 001

V (ppm) 39. 336. 3690. 33. 17. 6.5 60.
7. 8. 80. 1. 2. 2. 5 3.

Fe (%) 1.5 5. 4 30. 63. 7 58. 11.8
.4 .2 1. 2. 2 3. .6

Mg(%) 1. 8 9. 4 1. 7 2.54 95 . 24 16.5
.1 .2 .2 .06 .09 .02 .4

Se (ppm) . 37 1. 85 31. 3 13. 90 . 190 164. . 492
. 02 .01 . 3 . OS . 004 2. . 004

S (%) 35.

2.

CI (%) - - - 2.54 - -
. 04

Ni (%) . 0036 . 0135 . 034 10. 80 . 0103 . 0247 . 0111
. 0001 . 0007 . 001 .08 . 0005 . 0009 . 0004

Co (ppm) 2. 95 14. 7 35. 6 4200. 4. 83 23. 2 11. 80
. 02 . 1 . 2 200. . 08 . 1 . 09

Au (ppb) 1600.
30.

K (%) . 68 - - _

. 03

Rb (ppm) 21.6 1. 74 1.60 . 195 1.81 . 075 .572
. 2 . 02 .02 . 004 . 02 .002 .009

Cs (ppb) 20.2 5. 89 3. 20 . 64 2. 21 . 36 3. 00
. 2 . 09 . 07 . 02 . 08 . 02 . 07

Zn (ppm) 11.7 24.1 2055. 20.1 3. 18 2. 45 61.3
.1 .2 11. .1 .02 .02 .4

Mn (%) . 0367 . 168 . 354 . 0460 .0215 .0114 . 318
. 0004 . 002 . 003 .0004 . 0002 . 0001 .003

Sc (ppm) 4.0 93. 3. 9 4. 3. 7 N. D. 13. 9

.3 3. .8 2. .4 .3

163

Olivine
. 040
. 001

. 0210

. 0003

.08

.03

.0499

. 0007

15.

3.

18. 1

.6

22. 4
.4

. 29

. 04

-

. 0075

. 0003

10. 2

. 2

. 111

.003

1. 69
. 05

61. 8
.2

. 320

. 002

2. 9
.2

Underlined values are analytical uncertainties
- No analysis
N. D. Not detected
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Table 1A. Uncorrected Elemental Abundances in Minerals from the Colby (Wisconsin) Meteorite.
Feldspar Diopside Chromite Metal Phosphate Troilite Hypersthene Olivine

Al (%) 8. 9
. 1

- 1. 76 . 2310

. 03 . 0004
1. 30

. 02
. 0500
. 0008

. 161

. 003

. 0300
. 0007

Na (%) 5.57 .0510 . 118 2. 77 . 0240 .072 . 0190
.06 .0003 .001 .01 .0002 .001 .0003

Ca (%) 3. 1 - N.D. . 25 33.1 .07 .60 N.D.
.6 .03 1. .01 .08

Cr (%) . 119 13.3 . 1251 .0604 .0267 . 1168 . 0328
. 001 . 1 . 002 . 0008 . 0005 .001 . 0003

V (ppm) 37. - 2522. 31. 105. 9. 6 50. N. D.
13. 29. 1. 7. . 3 3.

Fe (%) 2. 80 - 37. 3 57.8 1. 20 61.4 12. 9 18. 8
.09 .3 .4 .08 .3 .2 .1

Mg (%) 4.6 N.D. 2. 67 3.5 . 43 16.5 22. 5
1. .09 .4 .02 .4 .5

Se (ppm) - - 25. 90 - . 470 128. . 840 .066
. 16 . 008 1. . 003 . 002

S (%) 32.

2.

Cl (%) - - - 1.41 -
. 04

Ni (%) .0092 .077 18.6 . 0088 .089. .0123 .0148
. 0003 .001 .6 . 0002 . 002 . 0003 . 0004

Co (ppm) 7. 00 - 43. 0 4586. 7. 15 57. 0 14. 30 17. 5

. 09 . 2 38. . 06 . 4 .09 . 1

Au (ppb) 1475.

6.

K (%) . 59
. 06

Rb (ppm) 19. 1 . 18 . 380 2. 80 . 080 . 210 . 090

. 2 . 02 . 008 . 06 . 003 .004 . 004

Cs (ppb) 18. - 1. 2 7. 8 1. 1 1. 35 . 57 1. 81

2. .4 .2 .4 .06 .04 .08

Zn (ppm) 20.6 - 1377. 34. 8 23. 7 6. 00 65. 9 67. 2
.2 7. .1 .1 .03 .3 ..3

Mn (%) . 0447 . 246 . 0445 . 0460 . 0142 . 351 . 340

. 001 . 003 . 0002 . 0004 . 0001 .004 . 003

Sc (ppm) 6.4 1. 8 2. 2 15.9 .53 9. 25 1.90
.1 .1 .2 .1 .06 .08 .04

Underlined values are analytical uncertainties
- No analysis
N.D. Not detected
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Table 1A. Uncorrected Elemental Abundances in Minerals from the Leedey Meteorite.

Feldspar Diopside Chromite Metal Phosphate Troilite Hypersthene

Al (%)

Na (%)

10.1
. 1

6. 17
.06

1.07
.02

. 784

. 009

. 189

.002
- . 0251

.0004
. 276
. 001

.0850

. 0007
. 0136
. 0001

. 186

. 002

Ca (%) 2. 1 14.1 . 02 - . 002 .51
.3 .3 .03 .008 .06

Cr (96) . 369 . 725 - - . 0069 . 1704
. 001 . 0035 . 0003 . 0004

V (ppm) 38. 353. 15. 0 - 2. 7 69.

18. 7. . 7 . 1 2.

Fe (%) 1.6 5. 0 57. 3 57. 6 10. 8

.4 .2 .9 .A .1

Mg (%) 2.8 11.1 - 1. 30 . 12 18.8
.4 .3 .08 .01 .4

Se (ppm) . 400 . 876 - . 512 149.0 . 260
.001 .004 .002 .9 .001

S (%) 31.

2.

Cl (%)

Ni (%) .0012 .0026 20. 10 - . 027 . 0019
. 0002 . 0006 . 48 . 008 . 0006

Co (ppm) 1.40 3. 8 4330. - 18. 0 6.0
.01 .1 19. .1 .1

Au (ppb) - - - 2500. - -

2.

K (%) - - -

Rb (ppm) 20.90 1.53 - . 31 .0561 .6051

. 25, . 06 . 071 . 0021 . 010,

Cs (ppb) 15. 6 6. 9 - 1. 25 - 1. 12 2. 09
.9 1. .1 .06 .16

Zn (ppm) 34. 2 39. 0 20. 0 - 2. 10 59. 4

.3 .4 .2 .02 .6

Mn (%) . 03 . 160 - . 0260 - . 0063 . 303

. 03 . 002 . 0002 . 0001 . 002

Sc (ppm) 7. 10 117. 0 - 1.45 - N. D. 9. 35

.07 .6 .2 .05

Olivine

. 047
. 001

. 0260

. 0005

N.D.

.0611
. 0003

24.
3.

17. 9

.3

22.5
.5

.0860

.0009

.0045

. 0002

9. 2
.1

-

-

. 11

. 01

2. 88

.4

58. 2
.6

. 306

. 003

2.02
.03

Underlined values are analytical uncertainties
- No analysis
N.D. Not detected



Table 2A. Uncorrected REE Abundances in Minerals from the Alfianello Meteorite.

Feldspar Diopside Chromite Metal Phosphate Troilite Hyperthene Olivine Whole Rock

La (ppm) . 146 . 71 .042 . 098 39.4 .0130 . 101 . 0180 . 34
.01 .03 . 003 .005 1. .0007 . 003 . 0007 .02

Ce (ppm) . 228 1.57 . 118 . 340 116. . 0400 . 317 .047 .95
.007 .04 .004 . 009 3. 6 . 0009 . 008 . 0011 . 04

Nd (ppm) . 24 2.07 .077 . 22 85. . 020 . 21 .058 . 607
. 02 . 13 .005 . 01 3. 8 .006 .01 . 003 .036

Sm (ppm) . 113 .60 .024 .071 22.4 .0074 .073 .0100 . 230
.004 .01 .013 .001 .4 .0001 .001 .0002 .004

Eu (ppm) .752 .126 .0023 .0098 1.57 .0030 .0230 .0026 .080
.004 .007 . 0001 . 0002 . 08 .0001 . 0002 . 0003 . 001

Tb (ppm) . 034 . 249 .0051 .0145 4.9 .0022 . 0240 .0028 . 0430
.003 .014 . 0001 . 0003 .1 . 0000 .0004 . 0001 . 0007

Tm (ppm) . 016 . 25 .0035 .0120 3. 3 .0013 .0260 .0023 .0400
.001 ,01 . 0003 . 0002 .2 . 0001 .0005 . 0002 .0008

Yb (ppm) . 092 1.54 .024 .077 18.3 .0088 . 231 .0240 .244
. 004 .06 .001 .002 .8 . 0002 .004 . 0007 . 007

Lu (ppm) . 0150 .22 .0037 . 0140 2. 43 .0015 . 042 .0050 .046
. 0007 .01 . 0002 . 0007 .09 . 0001 . 001 . 0002 .002

Underlined values are analytical uncertainties



Table 2A. Uncorrected REE Abundances in Minerals from the Colby (Wisconsin) Meteorite.

Feldspar Diopside Chromite Metal Phosphate Troilite Hypersthene Olivine Whole Rock

La (ppm) .32 .037 .094 35. .120 .0280 .0120 .430
.01 .003 .003 1. .002 .0009 .0004 .008

Ce (ppm) .69 .080 .220 88. .0250 .063 .024 1.01
.01 .002 .006 1. .0005 .001 .004 .02

Nd (ppm) . 36 .03 11 61. .0120 .035 .001 .65
.03 .01 .02 5. .008 .003 .002 .05

Sm (ppm) .177 .0160 .050 17.4 .0067 .0150 .0490 . 197
.003 .0003 .006 .3 .0001 .0001 .0003 .005

Eu (ppm) .46 .0036 .0097 .98 .0020 .0062 .0014 .076
.03 .0003 .0002 .05 ,0001 .0004 .0001 .001

Tb (PPIn) .047 .0040 .0110 4.5 .0020 .0045 .0017 .045
.003 .0003 .0004 .3 .0001 .0003 .0001 .005

Tm (ppm) .032 .0260 .0062 2.9 .0016 .0073 .0006 .0320
.001 .0001 .0003 .2 .0001 .0004 .00002 .0015

Yb (PPm) . 127 .0140 .043 45. .0120 .092 .0110 .208
.01 .0006 .001 2. .0004 .004 .0006 .004

Lu (ppm) .022 .0020 .0080 3.1 .0020 .032 .0035 .021
.001 .0002 .0002 .02 .0001 .001 .0002 .001

Underlined values are analytical uncertainties



Table 2A. Uncorrected REE Abundances in Minerals from the Leedey Meteorite.

Feldspar Diopside Chromite Metal Phosphate Troilite Hypersthene Olivine Whole Rock

La (ppm) . 211 . 23 - . 044 - . 0070 . 035 .0090 . 39
.007 .04 .002 .0003 002 .0006 .02

Ce (ppm) . 28 .85 - . 10 - .0107 . 142 . 0210 1.0
.01 .1 .004 .0001 .002 .0004 .1

Nd (ppm) ....

Sm (ppm) . 078 . 34 . 030 - .0024 . 024 . 0039 . 25
.004 .03 .004 .0001 .001 .0003 .01

Eu (ppm) . 52 .075 - . 010 - .0014 .0160 . 0011 .0690
.02 .005 . 002 .0001 . 0008 .00005 . 0003

Tb (ppm) .0150 . 146 - . 0061 .00060 .0082 . 00110 .062
.0005 .01 .0001 .00002 .0002 . 00004 .002

Tm (ppm) - - - - - - -

Yb (ppm) . 057 .53 . 050 - .0030 . 099 .0100 . 209
.002 .03 .002 .0002 . 005 . 0003 .003

Lu (ppm) .0150 .111 - .0090 .0005 .025 .0037 .0390
. 0006 .004 .0001 . 00002 . 001 .0001 . 0009

Underlined values are analytical uncertainties
- No analysis
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ANALYTICAL PROCEDURES

Instrumental Neutron Activation Analysis

Elements which form short lived nuclides were analyzed

by irradiating for short periods of time in the Oregon

State University Triga reactor. A pneumatic transfer sys-

tem provided access to the reactor for these irradiations.

The duration of irradiation, the neutron flux, the period

of decay after irradiation, and the distance between sample

and detector were suitably adjusted to analyze all the

short lived elements using a single irradiation. Para-

meters which are pertinent to these analyses are listed in

table 1B.

Table 1B. Nuclear Properties and Decay Periods for Short
Lived Nuclides

Energy of Gamma Ray AT after End
Element Nuclide Observed (keV) 1/2 of Bombardment,

Al 28A1 1779 2.3 m 1- 3 m

Ca 49 Ca 3084 8.8 m 10-15 m

V 53V 1434 3.75 m 10-15 m

Mg 27Mg 1013 9.46 m 10-15 m

S* 37
S 3090 5.07 m 10-15 m

Cl* 38C1 2170 37.2 m 30-60 m

Mn 56Mn 847 2.8 h 8-12 h

Na 24 Na 1389 15.0 h 24 h

K* 42 K 1524 12.4 H 24 h

* Determined only in selected samples
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Samples were irradiated in a neutron flux of r,1013n/

cm2 -sec (1 Megawatt). The length of irradiation was either

1 min or 5 min. Samples with large masses and high concen-

trations of elements which form short lived nuclides were

irradiated for 1 min. Small samples or samples with low

abundances of these elements were irradiated for 5 min.

Two counting systems were used for the short lived

nuclides. The 1729 keV gamma-ray from 28A1 was counted on

a Ge(Li) detector in close proximity to the receiving sta-

tion of the transfer system. A Ge(Li) detector was neces-

sary to resolve the 28A1 gamma ray from the 1811 keV gamma

ray emitted by 56 Mn.

It was necessary to correct for 28A1 produced by 2 8si

(n,p)28A1. The correction was significant in the ferromag-

nesium silicates; r,40% of the Al content in hypersthene and

(1,75% of the Al content in olivine could be attributed to

this reaction.

The sample was counted again 10-15 min after the end

of bombardment (EOB) on a 4096 channel analyzer which was

calibrated to have an energy range from 0 to 4096 keV.

Each sample was counted for three-four successive 200 sec

periods. Data were automatically dumped onto magnetic tape

after each counting period. A Digiquartz model 105A clock

presented and continued to display the time at which each

count was started (Nunnelley et al., 1972). This mode of

data accumulation provided the means to verify the identity
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of nuclides by the calculation of half lives. It also pro-

vided a permanent storage of the complete spectrum so that

data could be reviewed in the context of new or unusual re-

sults. Data from the second count was used to determine

the abundances of Ca, Mg, and V. The concentration of S in

troilite could also be determined from the data taken in

this second count.

Magnesium abundances in the feldspar separates and BCR

had to be corrected for production of "Mg by the reaction

27A1(n,p)27Mg. The magnitude of the correction was "40% in

the feldspars and r\-,50% in BCR.

The phosphate minerals were counted 30-60 minutes after

after the end of bombardment for the determination of Cl

abundances.

Manganese abundances were determined by counting a

third time, 8-12 hours after BOB. The final count was done

a day later to obtain data for the determination of Na; the

K content in feldspar was also determined from this data.

Ge(Li) detectors were normally used for the last two

counts, however a NaI(T1) detector could be used if the

additional sensitivity was necessary.

The mineral separates, several portions of each

meteorite, and BCR-1 standard rocks were irradiated at the

University of Missouri Research Reactor Facility. This

facility provided long periods of high neutron fluxes, con-

ditions which increase the sensitivity of the trace element
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analyses. Two sets of irradiation conditions provided

approximately the same integrated neutron flux. Minerals

from Leedey and Alfianello were irradiated in a flux of

r,.1014n/cm sec for 200 hrs. Minerals from the Colby

meteorite were irradiated in a flux of r\,2x1014n/cm2-sec for

100 hrs. After the irradiation the samples were counted on

a Ge(Li) detector coupled to a 4096 channel analyzer. Chro-

mium, Co, Ni, Sc, and Fe were analyzed by this method. The

pertinent properties of these elements are presented in

table 2B. Some of the samples did not contain detectable

quantities of these elements. Samples which were highly

enriched in the long lived elements (Cr in chromite) con-

tained very high levels of radioactivity. The high levels

may have impaired the quality of analyses for long lived

nuclides.

Table 2B. Nuclear Properties of Long Lived Nuclides

Element
Nuclear
Reaction

Energy of Gamma Ray
Observed (keV)

t
1/2

Fe "Fe(n,y)"Fe 1095 45 d

Cr 50 Cr(n,y)51Cr 320 27.8 d

Sc 45Sc(n,y) 46sc 889 83.9 d

Co 59 Co(n,y) 60co 1173 5.2 y

Ni 58Ni(n,p)58Co 810 71.3 d
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Radiochemical Neutron Activation Analysis

Introduction

To facilitate the discussion of radiochemical proce-

dures, tables 3B and 4B summarize information which is per-

tinent to the radiochemical procedures. The nuclear pro-

perties and the detector which was used to count each nuc-

lide are presented in table 3B. Table 4B is a summary of

information concerning the chemical procedures. The first

eight columns relate to the carriers and standards. Com-

posite solutions were made for both carriers and standards.

The composite group numbers in the table refer to those

elements which were combined to make either a carrier or a

standard composite solution. Also included are the com-

pounds which were used to make the solution, the type of

solvent, and the quantity of each element which was used

for a single determination. All of the compounds which

were used as standards were spectrographically pure chemi-

cals.

The final two columns in table 4B summarize the

methods used for yield determinations. The next to the

last column identifies the method. If the yield was deter-

mined gravimetricaly, the stoichiometric form of the final

precipitate is in the last column.

It is instructive to think of the radiochemistry for

each element in two steps. The first step separates the

element or elements from the bulk of the sample. Subsequent
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Table 3B. Summary of Counting Information on Elements
An by RNAA

Radioisotope Energy of Gamma Ray
Element Counted Observed (keV)

t
1/2

Detector
Type

Br

Rb

Cs

Se

Ag

In

La

Ce

Nd

Sm

Eu

Gd

Tb

Tm

Yb

Lu

Co

Ni

Cd

Zn

Ti

Au

82 Br

86Rb

134ce

75 Se

ilomAg

114Min

140La

141ce

147Nd

153Sm

152Eu+ 154Eu

554.3 35.3 h Ge(Li)

1078.8 18.7 d Ge(Li)

605.0,797.0 2.05y Ge(Li)

136.0,264.7 120 d NaI

657.7,884.7 255 d Ge(Li)

189.9 50 d NaI

487.0 40.2 h Ge(Li)

145.5 32.5 d Ge(Li)

91.1 11.1 d Ge(Li)

103.2 46.8 h Ge(Li)

121.8+123.1 12.7 y,16.0 y Ge(Li)

97.5 Ge(Li)

86.8 Ge(Li)

84.3 Ge(Li)

177.1 Ge(Li)

208.3 Ge(Li)

1173.2,1332.5 Ge(Li)

811.1 Ge(Li)

153Gd 242 d

160Tb

170Tm

169yb

177Lu

60CO

58CO

115cd

65Zn

204T1

198 Au

72.1 d

129 d

31.8 d

6.74d

5.26y

71.3 d

53.5 h

243 d

3.81y

527.9

1115.5

.766 beta

411.8 64.7 h

NaI

NaI

beta
counter

NaI
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steps provide the necessary decontamination to insure that

the elements are sufficiently free of interfering activity

to be counted by the appropriate technique.

Figure 1B is a flow diagram showing the methods used

for the initial separation of the elements. The chemistry

of each element or group of elements will be discussed

using this flow diagram as a guide.

Fusion and Initial Separation

The samples were quantitatively transferred from the

quartz irradiation vials to Ni crucibles which contained

carriers for each element. The amount of each carrier is

specified in table 4B. The carrier solutions were pipetted

into the crucibles and carefully dried under a heat lamp.

Just prior to the addition of the sample 3-5 g of Na202 and

0.5-1 g of NaOH were placed in the crucible. After the

sample had been transferred to the crucible, it was covered

with another 3-5 g of Na202. The mixture was heated care-

fully with a Meeker burner until a homogeneous liquid had

formed. The liquid was maintained at a high temperature

for 2-3 minutes to insure complete fusion of the sample.

The crucible was cooled and placed on its side in a 250 ml

beaker. Water was carefully added until the flux was cov-

ered. The beaker was covered with a watch glass until the

dissolution was complete. When the reaction had ceased,

the crucible was rinsed with water and then with 2-3 ml of

9M H2SO4. The acid rinse was carefully combined with the
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Figure 1B. Flow Diagram of Radiochemical Separation Procedure.



Table 4B. Summary of Information Concerning Elements Analyzed by RNAA.

Element

Standard
Composite

Group Compound Solvent

Approx.
Quant.
(mg. )

Carrier
Composite

Group

Approx. Yield
Quant. Determination Gravimetric

Compound Solvent (mg. ) Method Form

Au
Co
Ni
Zn

In
T1

Se

Ag

Br

Cd
Rb
Cs

La

Ce
Nd
Sm
Eu

Gd

Tb
Yb
Lu

1

1

1

1

1

1

2

3

4
4
4

5

5

5

5

5

5
5

5

Au Metal
Co Metal
NiO
ZnO

In203

}

Se0

A gNO3

NH4BrO3

Cd(NO3)2
Rb2SO4
Cs2SO4

}

La203
(NH4)2Ce(NO3)4
Nd203
S m203
Eu203
Gd203
Tb203
Yb203
Lu203

1N HNO3

2N HNO
3

H2O

1N HC1

0.01N HNO3

2
30

150
30

2

12

20

10

10

12

3

0. 1

5
5

4
1

0.5
2

0. 3
1

0.5

1

1

1

1

2

2

3

4

5

6
6

6

7

7
7

7

7

7

7

7

7

Au Metal
Co Metal

ZnO

H2SeO3

AgNO3

NH4BrO3

Cd(NO3)2
RbC1

CsNO3

)

La203
( NI-14)2C e( NO3 )4

Nd 203
Sm203
Eu203
Gd203
Tb203

Yb 203
Lu 203

0. IN HNO
3

0. 1N HNO
3

H2O

0. 1N HNO3

H2O

0, 05N HNO3

2N HNO3

45 Gravimetric Elemental Au
30 Gravimetric K3Co(NO2 )6. H2O

45 Gravimetric 2n(NH4)PO4H20

45 Reirradiation
45 Gravimetric T11

60 Gravimetric Elemental Se

45 Gravimetric AgC1

30 Gravimetric AgBr

45 Gravimetric Cd(NH4)PO4 H2O
6 Racioactive

15

)
Tracer (137Cs)

1

10

2

0. 1
0.02 Reirradiation

5

0. 5
2

0. 1
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original solution. The final solution was heated briefly

to destroy any excess peroxide.

A solution of 10% Na2S was added to facilitate the

precipitation of all elements which form sulfides in basic

media. The precipitate, containing sulfides or hydroxides

of Ag, REE, In, Co, Zn, Cd, Au and Ti, was separated from

the supernate by centrifuging. Bromine, Rb, Cs, and Se re-

mained in the supernate.

Chemical Decontamination Procedures

Bromine

Sufficient Cd(NO3)2 was added to the supernate from

the hydroxide-sulfide precipitation to insure that excess

sulfide had been removed. The supernate was acidified with

9M H2SO4 and SO2 was bubbled through the liquid to reduce

Br to its lowest oxidation state. The liquid was heated to

drive off excess SO2. Bromide was oxidized to elemental

Br2 with KMnO4 and subsequently extracted into CC14. The

organic phase was washed several times, after which the Br2

was again reduced with Na2SO3 and reextracted into an aque-

ous phase. Five ml of 0.1 M solution of AgNO3 was added to

precipitate AgBr. The precipitate was filtered on tared

paper, weighed for yield, and mounted for counting.

Rubidium and Cesium

Rubidium and Cs were separated from the aqueous phase

of the Br2 extraction by precipitation with sodium tetra-

phenyl boron (NaTPB). Few other ions are precipitated by
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(Sporek and Williams, 1955). Ammonium is potentially the

most troublesome interfering ion. To insure that no NH4

remained in solution, it was basified with NaOH and evapo-

rated to half the original volume. As an added precaution

formaldehyde was added to the solution and again evaporated

to drive off excess formaldehyde. Formaldehyde destroys

NH4 in the following manner:

6 HCHO + 4 NH4 (CH2)6N4 + 4H+ + 6H20

After these precautionary steps, the pH was adjusted to

about 1.0 with acetic acid. The alkalies were precipitated

with freshly prepared Nairn. The precipitate was dissolved

by heating in 1-2 ml of IN HNO3. The oily organic residue

was removed by filtration. Trace contaminants were removed

by two or three Fe(OH)3 scavenges, the pH was again ad-

justed 1.0 and the alkalies were precipitated as before.

The precipitate was dissolved in a small quantity of ace-

tone and transferred to a glass vial for counting.

Notes - Yields were determined by using a 137Cs tracer.

Precautions were taken to add the proper amount of tracer

to insure a good ratio of sample to tracer activity. A

gross misjudgement of the quantity of tracer will ruin this

analysis.

The pH of the solution from which the alkalies are

precipitated should be carefully controlled. Precipitation

from strongly acid solutions may result in fractionation of

Rb from Cs, producing erroneous yields for Rb.
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Selenium

At temperatures greater than 100°C, Se is volatile in

solutions of 6NHC1 and 6NHBr; Se0C12 and Se0Br2 are the

volatile compounds. This volatility was utilized to sepa-

rate Se from the supernate of the alkali precipitation. The

supernate was evaporated until the volume was 20-50 ml. The

solution and solid residue were transferred to a simple

distillation flash along with 10 ml of concentrated HC1 and

10 ml of 4.5M HBr. A stream of air was passed through the

solution as the Se was distilled into water. Often Se was

reduced to the elemental form during the distillation. In

these cases, the solution was allowed to cool, a small

quantity of concentrated HNO3 was added to oxidize the Se,

and the distillation was continued. After the volume of

the initial solution had been reduced by 75%, the water in

the receiver was acidified with HC1. Sulfur Dioxide was

bubbled through the solution to reduce Se to the elemental

form. Selenium was filtered, weighed for yield, and

mounted for counting.

Notes - To avoid the loss of Se, the sample must not be ex-

tensively heated in strong hydrohalic acids prior to the

distillation.

Silver

The hydroxide-sulfide precipitate from the initial

separation was dissolved in aqua regia. The solution was

evaporated to near dryness several times, each time
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replenishing the volume with concentrated HCl, until no

HNO3 remained. The final solution was adjusted to 0.1N,HC1

to precipitate AgC1. Silver chloride was separated from

the liquid, washed several times with water, and dissolved

in NH4OH. Trace contaminants were removed by Fe(OH),3 scav-

enges. The solution was again acidified with HNO3 to pre-

cipitate AgCl. The AgC1 - Fe(OH)3 scavenge cycle was re-

peated three times. The final AgC1 precipitate was fil-

tered, weighed for yield, and mounted for counting.

Notes - The final precipitation and subsequent handling of

AgC1 should be done in a dimly lighted room to avoid decom-

position of the precipitate.

Rare Earth Elements (REE)

Elements which remained in the supernate after the

AgCl precipitation, were separated by selective elution

from a column loaded with Amberlite CG-400 anion exchange

resin.

The supernate from the AgC1 precipitation was evapo-

rated to dryness, 10-20 mg of Cu carrier were added, and

the slurry was dissolved in a minimum volume of 10NHC1.

This solution was loaded on an anion exchange column which

had been previously treated with 10 N HC1. The column was

washed with 10NHC1 until the yellow color of Cud began

to show in the eluant. The color was an indication that

the REE and In have been completely eluted from the column.
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The eluant was evaporated to reduce the volume and boified

with 8N NaOH. The hydroxide precipitate was separated from

the supernate by centrifuging, dissolved in 2N HC1, and

then basified with NH4OH. Large quantities of Ni from the

Ni crucible remained in the supernate when NHOH was used

to precipitate the insoluble hydroxides. A minimum amount

of 1N HC1 was used to dissolve the hydroxide precipitate,

the solution was diluted to 30 ml with water. Two ml of

saturated NH4HF2 solution and 4-5 drops of concentrated HF

were added to precipitate the REE fluorides.

The pH must be maintained at 5.0 during this precipi-

tation to effectively remove Sc from the REE. Scandium-46

often produces such high levels of radioactivity that the

activity from the REE cannot be detected. Scandium fluo-

ride precipitates quantitatively if the pH is 1.0. In an

NHt buffered solution with a pH of 5.0, the REE fluorides

purportedly precipitate quantitatively while essentially

all of the Sc remains in solution.

The supernate from the fluoride precipitation was set

aside for determination of the abundance of In. The preci-

pitate was dissolved by adding 2 ml of saturated boric

acid, heating in a water bath, and then adding 1 ml of con-

centrated HNO3 to the warm slurry. The cycle of fluoride-

hydroxide precipitations was repeated until there was in-

significant "Sc activity in the gamma ray spectrum of the

combined REE. This solution was sealed in a half dram
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polyvial, which was in turn sealed in a two dram polyvial

for counting and yield determination.

Radiochemical yields were determined by reirradiation

for 30 minutes in the Oregon State University Triga reactor

operating at a power level of 1 Megawatt (ti2x1012n/cm2-sec).

The irradiation should be no sooner than one month after

the initial irradiation to allow the relatively short lived

REE nuclides to decay. Table 5B presents the nuclear pro-

perties of the nuclides which were used for yield deter-

minations. Thulium yields were determined by extrapola-

tion because no Tm carrier was added to the REE carrier

composite. I did not realize that the 84 keV gamma ray

from 170Tm could be resolved until after the analyses were

completed. Eu yields were also determined by extrapolation.

The Eu yields which were determined directly were often

greater than 100% and always significantly greater than Gd

and Sm yields. The apparently erroneous Eu yields may have

been due to the addition of Eu during the chemical proce-

dures. Small quantities of extraneous Eu would adversely

affect the Eu yield determination. Very small amounts of

this carrier were added to the REE composite solution be-

cause Eu activates so easily. Equally small amounts of

contamination of the other REE would produce a smaller

effect on the yield since their carriers were present in

relatively large quantities in the composite solution.
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Table 5B. Nuclear Properties of REE Nuclides Utilized for
Yield Determination

Nuclide
Gamma Ray Energy
Observed (keV) t

1/2

140La 328.8 40.2 h

143 Ce 293.3 33.7 h

1 4 9Nd 211.4 1.73 h

1 5 3sm 103.2 46.8 h

1 5 9Gd 363.0 18 h

1"Tb 86.8 72.1 d

175yb 39601 4.21 d

1 77Lu 208.3 6.74 d

Figure 2B shows several typical plots of the radio-

chemical yield vs. the ionic radii of the REE. The chemi-

cal procedures produced a large diversity of REE fractiona-

tions. The differences probably resulted from variations

of the pH during the hydroxide and fluoride precipitations.

Conditions of pH were varied during each analysis to try to

facilitate the removal of the "Sc activity. Most commonly

the yield of the light REE were invariant or decreasing

slightly with increasing atomic weight. The heavy REE usu-

ally had greater yields than the light ones. Lutetium

yield typically did not fall on a smooth curve with the

other REE, but was lower than the Yb yield.
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Future analyses could be improved by optimization of

the ratios of carrier elements. Addition of Dy and Er to

the composite carrier solution would clarify the variation

of yields for the heavy REE.

Notes - The gamma ray spectra of the REE were accumulated

on a very high resolution Ge(Li) detector in combination

with a 4096 channel analyzer which had been calibrated to

have a range from 0-512 keV. The instrument was adjusted

to achieve better than 1 keV FTTHM resolution for the 122

keV gamma ray. With this instrument the low energy gamma

rays emitted by many of the REE nuclides could be resolved

and used in the analysis. Figure 3B is an example of the

gamma ray spectrum produced by mixed REE nuclides.

The nuclear reaction 153Eu(n,p)153Gd produced signifi-

cant interference in the determination of Gd abundances.

Attempts to correct for the interference proved unsuc-

cessful. Consequently, Gd abundances were not obtained.

Some REE nuclides emitted gamma rays which had ener-

gies identical to those emitted by other nuclides. In each

case where two nuclides interfered with each other, one

nuclide had a shorter half life than the other. A second

count, after a two-three week decay period, allowed the

interfering activities to be determined and the appropriate

correction made. The interfering pairs are given in table

6B.
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Table 6B. REE Nuclides which Emit Interfering Gamma Rays

Nuclide
Gamma Energy

(keV)
t
1/2

153Gd 9705 242 d

153 sm 97.5 46.8 h

153Gd 103.2 242 d

153 SM 103,2 46.8 h

152Eu 488.4 12.7 y

140La 487.0 40.2 h

Some samples contained large quantities of Ir and Cr.

The activity of these two elements was not removed by the

normal procedures. The appropriate holdback carriers were

added to the REE hydroxide precipitate. The precipitate

was dissolved in 6NHNO3 and digested in hot water for at

least 12 hours. After the carrier and its radioactive iso-

topes were equilibrated, the normal chemical procedures

easily removed the interfering radionuclides.

Indium

Indium hydroxide was precipitated from the supernate

of the REE fluoride precipitation by adjusting the pH to 7

with NH4OH. The precipitate was dissolved in 4.5 M HBr and

extracted into isopropyl ether which had been pretreated

with 4.5 M HBr. The organic phase was washed three times

with 4.5 M HBr, and In was reextracted into 6 M HC1. The

aqueous phase was heated to volatilize the excess ether and
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In(OH)3 was precipitated by adjusting the pH to 7.0 with

NH4OH. A minimum of HNO3 was used to dissolve the precipi-

tate. The solution was transferred to a half dram polyvial

which was heat sealed and enclosed in a two dram polyvial

for counting and yield determination.

Notes - Iridium and Cr were particularly persistent contam-

inants in this procedure. The presence of extraneous acti-

vity could not be tolerated since the In activity levels

were very low. When it was necessary, holdback carriers

for the interfering ions were added, the sample was reproc-

essed through the ion exchange column, and the extraction

procedures were repeated.

Radiochemical yields were determined by reirradiation

in the OSU Triga reactor for 5 min at a power level of 20

watts (4x107n/cm2-sec). The 417 keV gamma ray emitted by

116 In was used to calculate the yield.

Cobalt and Nickel

Nickel abundances were determined by counting 58 CO

which was produced by the nuclear reaction 58Ni(n,p)58Co.

Cobalt-58 was separated along with "Co which was counted

to determine the Co abundance.

Cobalt was eluted from the ion exchange column with

50-75 ml of 5 NHC1. The eluant was evaporated to reduce

the volume. The solution was adjusted to 10 N HC1. Hold-

back carriers of Fe and Cr were added, and it was loaded

on a fresh ion exchange column which had been pretreated
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with 10 N HC1. The column was washed with several column

volumes of 10 N HC1 and Co was again eluted with 50-75 ml

of 5 N HC1. The volume was reduced by evaporation. Cobalt

hydroxide was precipitated by basifying the solution with

10 N KOH. The precipitate was washed several times with

water, dissolved in 6 N acetic acid and heated in a water

bath. Four-five g of KNO2 was added to precipitate K3Co

(NO2)61-120. The precipitate was digested for 15-30 min in

the hot water bath, cooled, filtered, weighed for yield,

and mounted for counting.

Notes - Potassium cobaltinitrite will not form or will re-

dissolve in the presence of traces of mineral acids or am-

monium ions. It is important that these contaminants be

removed by multiple rinses of the Co(OH)3 or multiple pre-

cipitations of Co(OH)3 followed by dissolution in acetic

acid.

The samples which were analyzed in this work produced

large amounts of "Co activity. To reduce the count rates

only 10-20% of the original sample was used. This provided

an easily weighable precipitate since the gravimetric fac-

tor for K3CO(NO3)6H20 is 0.125. If the amount of Co acti-

vity is small, it would be advisable to use smaller amounts

of Co carrier and process the entire sample.

Zinc

The original ion exchange column was rinsed with 150-

200 ml of 1 N HC1 to remove Fe and residual Co. Zinc was
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then eluted with 150-200 ml of 0.1 N HC1. The volume of

the eluant was reduced to near dryness by evaporation. The

residue was dissolved in a minimum of 2 N HC1. Cobalt, Fe,

and Cr holdback carriers were added, along with sufficient

TiC13 to reduce ferric ion to ferrous ion. The solution

was loaded on a fresh ion exchange column which had been

previously treated with 2 N HC1. The column was rinsed

with 100 ml of 2 N HC1 and Zn was eluted with 0.1 N HC1.

The solution was evaporated to reduce the volume. The pH

was adjusted to 6-7 with NH40H and 10-20 mg of NH4C1 was

added to the solution. Zinc ammonium phosphate was preci-

pitated by the addition of 10 ml of a freshly prepared 5%

solution of (NH4)2HF04. The precipitate was heated in a

hot water bath until it was crystalline. It was filtered

on a tared filter paper, dried, weighed for yield and

mounted for counting.

Notes - The pH of the solution from which ZnNH41304H20 is

precipitated is critical. The precipitate is soluble in

both acidic and basic media.

The initial precipitate which is formed upon the addi-

tion of (NH4)2HPO4 is a non-stoichiometric compound of un-

known composition. Upon heating the solid becomes a crys-

talline compound of the desired composition. The transi-

tion is visually obvious since the initial precipitate is

flocculent and bulky and ZnNH4PO4H20 is crystalline and

compact.
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Cadmium

Cadmium was eluted from the original column with 20 ml

of 0.002 N HC1. The solution was evaporated and loaded on

the column with holdback carriers in 2 N HC1 exactly as

described for Zn. The column was rinsed with 100 ml of 2 N

HC1 and Cd was eluted again with 0.002 N HC1. Cadmium was

precipitated, as CdNH4P04120 in a manner exactly analogous

to Zn.

Notes - In the same manner as Zn, Cd first forms a non-

stoichiometric compound and then forms crystalline CdNH PO4

H2O upon heating. Unlike Zn, the stoichiometric compound

was somewhat reluctant to form; sometimes long periods of

heating in a boiling water bath were necessary to produce

the transition. The formation of the crystalline compound

was obvious, CdNH41)04H20 forms white shiny crystals.

Thallium

The original column was washed with water, which was

discarded, and Ti was eluted with 1 N H2SO4 saturated with

SO2. The eluant was caught in a beaker which contained 2

ml of 2 M KI. Elution continued until yellow TlI no longer

formed at the drop of the eluting fluid. Thallous Iodide

was separated from the supernate. Holdback carriers of Sb,

Sn, Al, Ir, In, Te, and Cd were added along with 5 ml of

aqua regia. The sample was digested on a water bath until

it was dry. A few drops of concentrated HBr were added and
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again the solution was digested to dryness. The residue

was taken up in 1 N HBr; Ti was extracted into diethyl

ether which had been pretreated with 1 N HBr. The organic

phase was washed three times with 1 N HBr and transferred

to a centrifuge tube. The tube was set in the hood until

the ether had evaporated. The residual aqueous phase was

basified with 6 N HaOH to precipitate T1(OH)3. The hydro-

xide was dissolved in 1 M H2SO4 saturated with SO2 and an

Al(OH)3 scavenge was done by adjusting the pH to 7 with

NH40H and adding a few drops of Al(NO3)59H20 carrier. Once

again 1-2 ml of 1 M H2SO4 saturated with SO2 was added to

insure that Ti was univalent; 1 M KI was added to precipi-

tate Til. The precipitate was counted on a gamma ray de-

tector to determine the presence of contaminating activity.

If clean, it was filtered taking care to get an even dis-

tribution on the filtered paper so that self-absorption

effects could be evaluated. The precipitate was dried,

weighed for yield and mounted for beta counting in a Beck-

man low background beta counter.

Notes - Because 204T1 is a pure beta emitter, it is impera-

tive that the sample be absolutely free of contamination.

To insure that this is the case, all the glassware and rea-

gents used for Ti chemistry were isolated and used for no

other purpose.
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Gold

The original ion exchange column was washed with 50 ml

of H2O, 40 ml of aqua regia and finally 50 ml of 2 M HC1.

Gold was eluted with 200 ml of 0.1 N thiourea in 0.1 N HC1.

The eluant was evaporated to dryness. Concentrated HNO3

was cautiously added to destroy the thiourea complex. After

the reaction had subsided, the solution was evaporated to

dryness. The residue was dissolved in HC1 and evaporated

to dryness again. This procedure was repeated many times

to be certain that the NO1 has been entirely removed. The

final residue was dissolved in 2 N HC1 and heated in a hot

water bath. One gram of hydroquinone was added to reduce

Au to the elemental state. The liquid was decanted and

metallic Au was washed several times with 2 N HC1. The Au

precipitate was filtered on a tared filter paper, dried,

weighed for yield and mounted for counting.

Notes - Addition of the concentrated HNO3 to destroy the

thiourea-gold complex must be undertaken with great cau-

tion since the reaction is very violent.

If all the NOT is not removed prior to addition of the

hydroquinone, the gold reduction will not proceed.
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APPENDIX C

EXAMPLE OF CORRECTIONS FOR IMPURITIES
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EXAMPLE OF CORRECTIONS FOR IMPURITIES

The feldspar enriched separated sample from the

Alfianello meteorite will be used to illustrate the proce-

dure for determining the mineral constituency of the sample

and making the appropriate corrections to obtain the ele-

mental abundances in pure feldspar. The uncorrected data

is taken from table 1A. The standard deviations are propa-

gated as follows: If values are multiplied or divided (X=

a
ab), then a

x
=

ia
a

2
+

ab
If values are added or

subtracted (X=a+b), a = as + 01:)2.

1. The concentration of feldspar in the separated

sample:

Al in sampleFeldspar abundance =
conc.

conc. Al in L- feldspar

arfeldsp9.6/11.2 = 0.87 g Since I do notg sample

know the uncertainty in the concentration of

Al in feldspar, the uncertainty of this cal-

culation is just the uncertainty in my Al ana-

lysis.

Std. deviation = 0.05

2. Assuming all the Na is in the feldspar, the Na

abundance in Alfianello feldspar:

Na abundance conc. Na in sample
conc. feldspar in sample

7.50%

6.53
0.87
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.05 2 .09Std. deviation = 7.5 (
0--w)

+
0 2

.53
= 0.45

0.u7 u

3. The absolute quantity of Ca in the separated

sample due to feldspar:

% Ca in sample due to feldspar = % Ca in pure

feldspar x conc. feldspar in sample = 1.53 x

0.87 = 1.33%

The uncertainty in the Ca in pure feldspar is not known,

the std. deviation is due only to the uncertainty in the

conc. of feldspar in the sample.

Std. devation = 0.10

4. The abundance of Ca in the sample after the com-

ponent from feldspar has been removed.

% Ca in sample due to all minerals except

feldspar = total Ca-Ca in feldspar = 1.5 -

1.33 = 0.17

Std. deviation = (0.2)2 + (0.08)2 = 0.2

5. Assuming the remaining Ca is due to diopside:

Diopside abundance =

% Ca in sample not due to feldspar
% Ca in pure diopside

0.17/16.31 = 0.01

Std. deviation = 0.013

6. Calculate the absolute quantities of Mg in the

sample due to all minerals except diopside. Exactly analo-

gous to steps 3 and 4.
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Mg due to diopside = 10.6 x 0.01 = 0.106

Std. deviation = 0,138

7. Mg in sample due to all minerals except diopside:

% Mg = 1.8 - 0.106 = 1.7

Std. deviation = (0.1)2 + (0.14)2 = 0.17

8. Assuming all the Cr in the sample is due to chro-

mite:

Chromite abundance = 0.11/38.37 = 0.003

Std. deviation = 0.00003

9. Assuming all the Se in the sample is due to the

troilite:

Troilite abundance = 0.37/164 = 0.002

Std. deviation = 0.0001

10. Assuming all the Co in the sample is due to the

metallic minerals:

Metal abundance = 2.95/4200 = 0.0007

Std. deviation = 0.000005

11. Assuming that all the remaining Mg is due to the

presence of hypersthene:

Hypersthene abundance =

conc. Mg in sample = 0.1
conc. Mg in pure hypersthene

Std. deviation = 0.01

12. For illustrative purposes, I will correct the Sc

abundance in feldspar assuming only diopside and hyper-

sthene have significant abundances of Sc.
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Conc. Sc in sample from diopside = conc. Sc in

diopxide x conc. of diopside in sample =

93 ppm x 0.01 = 0.93 ppm

3
Std. deviation = (--)

2
+ (

0.013
)

2
= 1.3

93 0.01

In the same manner,

Conc. Sc in sample from hypersthene = 13.9 x

0.1 = 1.4 ppm

Std. deviation = 0.14

Concentration of Sc in sample due to feldspar:

Sc = total conc. Sc - conc. Sc in diopside -

conc. Sc in hypersthene = 4.0 - 0.9 - 1.4 =

1.7 ppm

Std. deviation = (0.08)2 + (0.14)2 + (1.3)2 =

1.3

Concentration of Sc in feldspar:

conc. of Sc in sample
Sc = 1.7/0.87 =

conc. of feldspar in sample

2.0 ppm

Std. deviation = (1.3)2 + ((0.0577) 2 = 1.5
1,7

5

The Sc abundances in diopside and hypersthene would be

corrected in a similar manner. The abundance of Sc in

feldspar would be corrected again using the corrected

abundances in diopside and hypersthene.


