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ABSTRACT

An examination of refractory metal particles in five calcium-

aluminum-rich inclusions in the Allende meteorite indicates a complex

variety of compositions and large departures from equilibrium. These

particles appear to have been primordial condensates which were isolated

from the nebula and from each other at different times by cocondensing

oxides. Selective diffusion and/or oxidation of the more oxidizable

metals (Mo, W, Fe and Ni), phase segregations into different alloy

phases (fee, bec, hep and perhaps ordered phases) and the formation of

metastable condensates appears to have been involved in the modification

of these materials to their present state. Only a small fraction of

our observations cannot be reconciled with this picture because of a lack

of knowledge of some of the phase equilibria which might have been

involved.
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Calcium aluminum rich inclusions (CAI's) in the Allende meteo-

rite appear to be high temperature condensates from a gas of solar

composition and contain relatively high concentrations of the most

refractory elements. We report measurements on metal particles in

CAI's containing the refractory elements Os, Re, W, Ho, Xr, Ru, Rh and

Ft as well as Ni and Fe. These elements are among those expected to

co-condense with the rest of the CAI's so that a detailed study of

these particles should place important constraints on possible con-

densation processes. As will be seen, condensation does not follow a

single path and the compositions of the refractory metal particles are

usually not as simple as is predicted by equilibrium theory. The com-

positions of particles and their variations can be understood if one

takes into account non-equilibrium concepts.

The first observation of refractory metal particles in CAI's was

made by Wark and Lovering (1976) who observed several different types.

Palme and Wlotzka (1976) published a complete description of a particle

in a CAI as well as theoretical calculations for equilibrium condensa-

tion to form ideal solutions of refractory metals. Further theoretical

work on the condensation of refractory metals was reported by Blander,

Horowitz, and Land (1978) in which non-equilibrium concepts as well as

the tendency to form more than one metallic phase were considered. A

variety of compositions and modes of occurrence of refractory metals

were predicted. Further observations on a variety of refractory metal

particles were made by El Goresy, Nagel, and Ramdohr (1978, 1979) and

by Wark and Lovering (1978). We have reported on particles which appear

to be high temperature .condensates (Blander et at., 1980).
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In this paper we will present our observations on refractory metal

particles in difference CAl's and rationalize our observations in terms

of nebular condensation and subsequent processes such as phase separa-

tions. In order to do this one imst introduce non-equilibrium concepts

to explain the many observed departures from equilibrium.

The Inclusions

Refractory metal particles were identified microscopically in

polished sections of five separate inclusions for later study with the

electron microscope. The five inclusions are identified by the dates

6/16/72, 9/19/72, 10/5/72, 2/25/76, and 6/24/77. The inclusions 6/16/72

and 10/5/72 were described previously by Blander and Fuchs, (1975; de-

signated as 6/16 and 10/5) and showed evidence of having been liquid.

The inclusion 6/16/72 contains hibonite as a major phase. It contains,

in decreasing order, the minerals melilite, spinel, hibonite, and

perovskite with very small amounts of pentlandite, troilite and metal

(5 metallic particles were observed in the section). The inclusion

10/5/72 is rimmed by spinel and perovskite as well as by small blades

of hibonite protruding inward into a narrow band of Na-enriched glass.

It has a coarse grained basaltic texture with a mineralogy in decreasing

order of abundance of melilite, spinel, fassaite, anorthite, grossular,

perovskite, hibonite, metal, pentlandite, magnetite, and molybdenite.

There are metal and sulfide particles in five locations but only 3 con-

tain refractory heavy metals. The inclusion 2/25/76 has been described

by Fuchs (1978). It is a rhttnite bearing inclusion with a mineralogy

(in decreasing order of abundance) of melilite, spinel, rhbnite, fassaite,

grossular, perovskite, hibonite, metal, FeS, magnetite, Fe-V oxide,

molybdenite, giekelo-ilmenite, and pentlandite.
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Heavy metals were found In twelve locations. The other two

inclusions have not been described previously and are as follows:

6/24/77; This is a spherical 6.5 mm inclusion which was easily removed

from the matrix. In the section it is divided into two halves with dif-

ferent textures - one being coarse grained (0.13-0.25 mm crystals), and

the other is fine grained and has a eutectic-like or "Swiss-cheese" tex-

ture of 20 micron grains. The metal is mainly scattered in the coarse

half. The mineralogy is (in decreasing order) fassaite, spinel, melilite,

anorthite, grossular, metal, NiS (possibly Ni_S,) pentlandite and MoS9.

One pentlandite grain contains an unusual association of a Pt rich alloy

with an Ir rich alloy and another segregation of FeNiAsS with an S/As

weight ratio of about 7.

9/19/72; This is an olivine bearing CAI with a mineralogy in decreasing order

fassaite, olivine, spinel, melilite with minor anorthite, metal, magnetite,

troilite, pentlandite, NiS and andradite. There are about a hundred

metal and sulfide particles scattered through the section but only six

have heavy metals. This inclusion is similar to the inclusion 9/16 of

Blander and Fuchs (1975).

Measurements and Observations

A JEOL scanning electron microscope model JSM-35 with an ORTEC model

6230 non-dispersive X-ray detector was used for most of our measurements.

Concentrations of elements were measured relative to appropriate pure metal

or alloy standards. The compositions of small metal particles were nor-

malized to 100% to correct for the interferences of the surrounding sili-

cates, metal ir sulfides. Because of the small size of most of the parti-

cles, only semi-quantitative measurements were, possible and some relatively

minor refractory metals (e.g., Re, W and Rh) one might expect in some of the

alloys were not always detectable. The level of detectability ranged from
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about 1-2%. In addition, because of interference between Mo and S, it

was difficult to detect S in high Mo particles.

In 6/16/72 only seven small metal-like particles were observed.

One proved to be an apparent cluster of eight Ni-Fe particles which

ranged from 66-69% Ni and 31-34% Fe. These may all be part of one piece

of metal joined out of the plane of our section. A second particle was

82% Ni, 18% Fe, a third was FeS, and a fourth was iron rich pentlandite.

The last three particles occurred close together and contained high con-

centrations of heavy refractory metals which varied from point to point.

Analyses of nine points in the three particles are given in Table 1. The

largest particle though small (2.2 x 2.7 ym), and a composite, is clearly

euhedral in outline and exhibits euhedral segregations when viewed with

back scattered electrons. The particle appears to be a polyphase composite

which may have formed by phase separation of different metallic phases

from a precursor alloy. The other two particles (̂ 1.5 ym and 0.8 ym) were

too small to make analogous observations. No tungsten was observed in the

three particles.

Over eighty metal particles were observed in the section of inclusion

9/19/72. All but six were Ni-Fe (or Fe-Ni) particles. Of these, most of

the metal particles in olivine had compositions such that Ni>Fe. However

some had Fe>Ni. Inclusions in melilite had metal particles with Fe»Ni

and Ni>Fe. Four of the six heavy metal particles are exhibited in Figure

1. Of the four, the largest labelled NiFePt was connected (before the

final polish) to an extension labelled Ru+Ni>Fe and is related to a

second unlabelled particle -to its upper right. Analysis of these particles

led to the results.
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!

Fu: 79 Ru 18 Fe 3 Ni

Ni>Fe: 4 Ru 35 Fe 61 Ni

NiFePt: 31 Fe 63 Ni 6 Pt

Unlabelled: Ni>Fe + minor Pt

Analysis of the particle labelled Ru led to the result

Ru: 76 Ru 21 Fe 3 Ni

with the numbers designating weight percent. The main mass (the large

particle and the unlabelled particle) is a Pt containing Ni-Fe alloy.

The ruthenium content in the Ni-Fe analysis of the extension labelled

Ru+Ni>Fe may arise because of the proximity of the ruthenium rich portion.

Only very little of the Fe and Ni in the two Ru rich particles can possibly

arise because of the proximity of Ni-Fe alloys since the Ni/Fe ratio in the

Ru rich alloys differs greatly from the Ni-Fe alloys. Another metal

particle in the upper left hand corner of Fig. 1 is mostly composed of a

68 Ni-32 Fe alloy, and had numerous M).l p bright spots containing dif-

ferent ratios of Os and Ru with two typical apparent compositions being

33 Os 15 Ru 18 Fe 34 Ni

10 Os 3.5 Ru 28 Fe 58 Ni

The Fe and Ni apparently in these small spots is mostly if not completely

related to X-rays emitted from the surrounding Ni-Fe matrix.

A fifth particle appeared to be subdivided into three alloys with

different reflectivities with the analyses of these yielding

Os>Ru: 26 Os 14 Ru 52 Fe 8 Ni

NiFePt: 3.5Pt 34 Fe 62 Ni

FeMoNi: 9 Mb 83 Fe 8 Ni
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At most, only small fraction of the Ni and Fe in the FeMbNi particle could

have arisen from the adjoining particles. However, a very large fraction

of the Fe and Ni in the, small 0s>Ru particle could have arisen because of

the proximity of the FeMbNi particle which appears to mostly surround it

in our section. The sixth heavy metal particle we found in 9/19/72 was

about 3 X 3 ym and is divided into two parts with different reflectivities

which have the composition

10 Ni

The Os-Ru rich portion subtends about 8% of the area at one edge of the

particle.

Metallic particles were found in five locations in inclusion 10/5/72.

Of these, only three had heavy metals. One was a combined pentlandlte-

oetal particle with several percent of Pt in the Fe-Ni alloy and an ap-

parent trace of Ft in the pentlandite. Another was a composite particle

of metal (Ni>Fe) and an iron rich pentlandite. A bright spot on the pent-

landite contained Os and apparent S. The sulfur x-ray fluorescence could

be due to the proximity of the pentlandite. The most interesting metal

particles were found in a chunk of pentlandite containing a Ni-Fe (Ni>Fe)

alloy exhibited in Fig. 2. The pentlandite encloses a blade of molyb-

denite as well as three Os-Ru containing bright metal spots imbedded in

pentlandite marked by arrows in Fig. 2. The relative content of Os and

Ru varies from OsMtu for the upper spot in the figure to Os>Ru for the

center one to Os»Ru for the lowest spot.

Heavy metals were found in twelve locations in 2/25/76. Of these

twelve, small (mostly submicron) inclusions spotted near or on Ni(67)-Fe(33)

metal were found in nine locations and consisted of Os-Ru alloys ranging

in composition from Os»Ru to Rti»0s and are listed in Table 2. These
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metal particles and their associated Ni-Fe were found imbedded in a

variety of minerals as well as in the mesostases as noted. Most, if

not all of the Ni and Fe in the analyses could arise because of the

proximity of Ni-Fe alloys. A molybdenite corner of a euhedral piece of

Ni-Fe alloy imbedded in melilite and a separate blade of molybdenite was

also observed. In addition, a collection of metallic particles imbedded

in fassaite was present at one location. The largest particle is a Ni-Fe

alloy containing 8% Pt, 7% Mo, and 4% Ru. There are five submicron

particles rich in osmium and ruthenium (one with molybdenum) which range

in Os/Ru ratio from 0-2. In addition, there are several small M. - 2 um

Ni-Fe particles containing some Pt. A euhedral Ni-Fe particle exhibited

in Fig. 3 imbedded in spinel had a spot on its edge with the composition

12 Os, 21 Ru, 15 Ir, 44 Ni, 9 Fe.

Heavy metals in inclusion 6/24/77 were associated not only with

metal particles but also with sulfides. Of those we studied, this in-

clusion contained the largest variety and number of particles containing

heavy metals. In addition to 27 locations where heavy metals were ob-

served, there were 32 Ni-Fe particles (some with a small amount of phos-

phorus) 14 nickel sulfide particles (almost all appeared to be near to or

slightly more nickel rich than the Ni_S2 stoichiometry) and 5 nickel rich

pentland!te particles where no heavy metals were detected. Forty-five of

the 48 analyses made at locations where heavy metals were found could be

approximately subdivided into four separate groups:

1. 19 Pt containing Ni-Fe alloys sometimes also containing small amounts

of other metals such as Ir, Mo, Rh, Ru, and Os.

2. 12 Os-Ru alloys containing Ni and Fe and having varying ratios of

Os/Ru.
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3. 4 Os-Ir-Ru alloys with some Ni and Fe and one with Mo.

4. 10 Wo rich locations, some with definite S, some being indeterminate

because of interference between Mo and S and some appearing to be

metallic.

Of the other three particles, one could fea a composite of two of

the above four types and one was unusual in that Pt and Ru appeared to be

part of or intermingled with a sulfide. One analysis of a spot on the

third particle (35C) which has a variable composition was very high in Ir

(Ir (64)-Ni (28)-Fe (8) with traces of 0s and Pt). Another spot on this

particle was Pt rich (Pt (42)-Ni (45)-Fe (13) with traces of Re and Rh).

This entire particle appeared to be a single piece of metal imbedded in

the side of a molybdenite particle.

Despite the general classification of most of the particles into

four types, the compositions varied greatly indicating very local control

of composition and large departures from equilibrium on a local (e.g.,

2 micron) scale. The analyses are listed in Table 3 where they are group-

ed according to the classes discussed above. The associations are dis-

cussed below.

Particle 2A, is a nickel sulfide matrix with edge segregations of a

Pt-rich alloy and an Os-Ir-Ru-Mo alloy with a trace of W. Particle 8A is a

small Pt rich particle with a trace of Rh near a nickel rich sulfide.

Particle 2B is a Mo-Os rich particle with a Pt-Ir rich segregation on one

side. Particle 3B is an elongated nickel sulfide grain containing some

phosphorus in one euhedral shaped end and a euhedral crystal of an Os-Ir-Ru

alloy imbedded in its side. Particle 9B is a Ni,_Fe alloy with an en-

closed Os-Ru rich alloy. Particle 1A is unusual. It appears to be a

euhedral Pt rich nickel sulfide enclosing three alloys—an Os-Ir-Ru alloy, a
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Ru-Ni-Fe alloy with a trace of Ir and Os and a Pt-Ru-Mo alloy (not

listed in Table 3). Particle 10B is composed of Ni,gFe,2 with a Mo rich

segregation at its edge, which is probably molybdenite. Particle 25B is

unusual in that it contains traces of arsenic and lead. It consists of

nickel, iron, and sulfur (1:1 metal/sulfur atom ratio) contains arsenic

and encloses a Pt-Ir-Ni-Fe alloy apparently containing S. This apparent

sulfur probably arises from the adjacent matrix. Particle 33 is Pt-Ir-Rh

rich. Three small metallic spots nearby are osmium rich (Os>Ni>Fe) with

the apparent Ni and Fe possibly arising from an iron-nickel-sulfide phase

surrounding these spots. These spots also appear to contain measurable

concentrations of Fb and S which could be part of the nearby sulfide

matrix. The euhedral particle 27C is a Ni—Fe-g alloy with an edge

segregation of probable molybdenite containing traces of W and Re. An Os-Ru

rich alloy is an edge segregation of particle 28C which is mainly a Ni-Fe

alloy. Variable compositions are found in 34C with two analyses indi-

cating a Pt-Ru rich alloy with traces of Ir and 0s for one and an Os-Ir-Pt

rich alloy for the other. There is no apparent sharp segregation but

rather a slight shading indicating probable gradual compositional

changes. On one edge was a portion rich in Mo + S which is probably

molybdenite. Particle 35C is striking in that one of the analyses is

extremely high in Ir. It consists largely of molybdenite enclosing

three Pt rich spots. An alloy of variable composition is integrated

with the particle at one edge. . One analysis of a finger of this'

alloy contained 64Z Ir (+ 28 Ni, 8 Fe) and small amounts of Os and Pt. An-

other analysis close by was very Pt rich (42 Pt, 45 Ni, 13 Fe) with traces

of Re and Rh. Particle l(C-D) is largely an Ir-Pt rich alloy with an edge
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segregation of probable molybdenite and two enclosed spots of a Ru-Os-Ir

rich alloy. Most of 2-C-D is a Pt rich alloy with an enclosed euhedral

Os-Ru rich alloy and on an edge is an Os-Ru rich alloy containing a trace of

Ir. 3-C-D is a Pt rich alloy with some Rh and has probable molybdenite on

one side. 4-C-D is a Pt rich alloy. 6-C-D is a euhedral particle of a Pt

rich alloy enclosing a spot of an Ru rich alloy having traces of Mo and Ir

and a small amount of Os. 5-C-D is largely an Mo rich alloy with traces of

Pt, Re, and Ir surrounding a Pt rich alloy. 1-D is a Pt rich alloy contain-

ing Os, Re, Mo, and Ru. 2-D is a euhedral Pt rich particle containing

traces of Ir, Rh, and perhaps some Ru. One corner is Ru rich with traces

of Os and Ir. 3-D is a Pt-Rh rich alloy with two edge segregations of

probable molydenite and edge spots on the "molybdenite" being Os-Ru rich

with a trace of Mo. 8-D is a Pt rich alloy associated with nickel sulfide

lying on one border. 17-D is a nickel-iron sulfide ('v-Ni- 7FeQ .S.)

enclosing a spot which is probably a Pt rich alloy. (The surrounding

sulfide probably led to an apparent content of sulfur.) 15-D is one of

several unusual particles in that it is an Ni-Fe (74-26) particle with

a trace of phosphorous. 19-D and 28-D are euhedral Ni-Fe particles with

Mb rich edge segregations which are possibly molybdenite. 43-D is mostly

an euhedral Ni-Fe particle with an Os-Ru-Mo rich edge spot and another

edge spot of a Ru-Os rich alloy having some Mo and Ir.

The variety of compositions in 6/24/77 indicates complex segregations

of refractory metals which probably require considerations of complex al-

loy phase equilibria in addition to the use of non-equilibrium concepts

concerning the genesis of refractory rich materials in meteorites.
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On the Formation of Heavy Metal Particles

Several concepts and processes must be considered in order to under-

stand the formation of the observed heavy metal pcr*:icles. These are

1. Condensation of refractory alloys from a nebula.

2. Mechanisms for the isolation of metal particles from the nebula

at different stages of the condensation process.

3. Phase segregations of different alloys from a precursor.

4. Mechanisms for selective mobilization of some of the metals

from the alloy phases.

5. Supersaturation and the formation of metastable sulfides or oxides.

We will discuss these below.

a. Condensation and isolation of particles in a nebula

The volatility of the refractory metals (omitting Hi and Fe) in

the nebula decrease in the order Re, Os, V, Mo, Ir, Ru, Pt, and Rh (Palme

and Wlotzka, 1976; Blander et ai.3 1580). Because of the formation of

solid solutions, this order means that, the high temperature condensates

contain a larger fraction of the nebular content of the earlier metals

than of the later metals in this sequence. Because its activity co-

efficients are low in nickel and iron (Hultgren et al.3 1973) platinum

will concentrate in condensing Ni-Fe alloys. Blander et at.a (1980)

have argued that condensing oxides (and silicates) can isolate metal

particles by coating them, and, on this basis, rationalized the formation

of 0s, Re, W, Mo, Ir, Ru containing particles. (The calcium-aluminum

rich materials begin to condense after only a small fraction of the

ruthenium has condensed.) The particles they described had an Os/Ru

weight ratio of about 8 as compared to a nebular ratio of about 0.6
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(Cameron, 1973) which meant that a major fraction of the nebular

ruthenium remained in the nebula at the time of isolation. The sub-

sequent condensation of. metal would produce more ruthenium rich particles

in which the Os/Ru ratio would be less than 0.6. Particles not isolated

can continue to pick up ruthenium and even platinum and other metals

to form alloys with a composition close to nebular.

Particles can alsc start condensing at different temperatures and

be later isolated at different temperatures to produce a variety of

alloys each of which is a sample of a refractory metal condensate in a

specific range of temperature. This would lead to a variety of compositions

which can be defined for any temperature interval from the thermodynamics

of the condensation process. It would lead to variable Os/Ru ratios in

the high temperature alloys and alloys formed and segregated at the lower

temperatures might be rich in Pt (partly because of low activity co-

efficients in Ni-Fe alloys) and contain no Os. This is consistent with

many of our observations on Os-Ru and Pt rich alloys. Further com-

plications would occur if particles became partly coated so that the

collection efficiencies for different elements varied with time. This

would introduce yet greater compositional variability among individual

particles.

b. Phase separations

Superimposed on the process of condensation and isolation is the

tendency of metals to form different phases. Lattice stabilities of the

refractory metals are such that Os, Re, and Ru tend to form a hexagonal

dose packed (hep) structure, W, Mo, and Fe (K1184K) a body centered
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cubic (bcc) structure, and Pt, Ir, Rh, Ni, and Fe (T>1184K) a face

centered cubic (fee) structure. The influence of the properties of the

solutions is superimposed upon the influence of lattice stabilities.

From theories of alloy solutions (Blander, Saboungi, and Cerisier, 1979)

one can deduce segregation effects which are related to strong ordering

(low activity coefficients). For example, if a binary alloy tends to

be ordered such that activity coefficients of the two components are

very small, a third component will tend to have very high activity

coefficients (Blander, Saboungi, and Cerisier, 1979) and will thus have

a tendency to form a separate phase. Consequently, alloys of Pt with

Fe and Ni which interact strongly and exhibit large negative deviations

from ideal solution behavior (Hultgren et dl., 1973; Bernard, Evdokimova,

and Kuprina, 1976) and are probably ordered will tend to segregate

themselves from other metals (even if they all tend to be in FCC phases)

which do not exhibit similar interactions with the Pt, Fe or Ni. In

addition, solution effects can overcome lattice stability effects so that

metals which may tend to form one type (i.e., bcc, fee or hep) of alloy

when pure may concentrate in or form a different type of alloy because

of low activity coefficients in some range of composition (Kaufman and

Bernstein, 1970). This tendency is especially Important when the alloy

tends to be ordered and may be involved in the behavior of Ir in these

inclusions. A study of the Ir-Pt-Ni-Fe system would be needed to clarify

this point.

c. Mechanisms for selective mobilization of metals.

Constituents of unequilibrated metal particles which are

separated and in contact with a nebula must exchange atoms through the gas
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phase to approach equilibrium. If only a small fraction of the metals

being exchanged has condensed then the rates are similar to those for

forming the particle and equilibration would take of the order of thousands

of years at 10 atmosphere (Palme and Wlotzka, 1976). However, these

time scales increase in proportion to the inverse of the fraction of the

uncondensed metal remaining in the gas so that the rate of equilibration

of refractory particles at low temperatures, even if exposed to the nebula,

should be extremely slow. Because of the tendency of the metals to be

coated by oxides and silicates (Blander et dl.3 1980) the exchange will

generally be much slower and will be selective

The time scale for exchange should increase if two coated

particles accrete and are connected by an intervening oxide. In order

for an atom to be exchanged it must be capable of going through a

coating (or if the coating is polycrystalline along the surfaces of the

coating crystals). Other factors being equal, diffusion rates through

or on oxides are proportional to the concentrations of the diffusing

species in or on the oxides. Thus, for a fixed oxidizing potential

(e.g., if governed by the nebula it is fixed by the H-O/H, ratio) the

concentrations and diffusion rates of an element will be higher, the

more readily that element is oxidized. Of the refractory metals we are

considering, Mo and W (as well as Fe and Ni) are the most readily oxidized

and therefore, the most readily mobilized.

If the surrounding oxide materials do not conduct electronically

another relatively oxidizable metal such as Fe and Ni is needed to exchange

with the Ho and W, with Fe doing this more readily because of its relative

stability in an oxidized form. One mode of exchange would be (schematically)
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Fe (in a Ni-Fe alloy or in the gas) + Fe2+ (±n oxide)

2Fe2+ + (Mo or W) -> (Mo+4 or W+4) + 2 Fe

where the Mb or W is in an oxide, diffuses away from the particle and

either remains in an oxide form or reacts further to form a sulfide or

enter a different metal (bcc) phase by reactions which propagate the process

such as

Mo+4 (in oxide + 2 FeS -*• 2 Fe2+ (in oxide) + MoS2

and Mb (in oxide) + Fe (in Fe-Ni) •+ 2 Fe+2 (in oxide) + Mo (in Fe-Ni)

On the other hand, if the coating material is an electronic conductor the

mechanism for transfer is much simpler and more rapid since the metal

can dissolve more readily to form ions and mobile electrons which can

diffuse together. Thus, the diffusion of metals is independent of the

presence of a second metal elsewhere for exchange. However, even in this

case the more oxidizable metals will mobilize most readily. Two un-

equilibrated alloys immersed in an electronically conducting oxide (or

sulfide) will exchange (mostly oxidizable) metal atoms by a mechanism

equivalent to a shorted electrochemical cell. The electrochemical aspect

of this mechanism adds an extra driving force to exchanges which can occur

by this mode.

These diffusive mechanisms for oxidizable metals lead to rates

of exchange through the coatings which should generally be much greater

than the slow rates through the nebular gas. If two coated particles

agglomerate, the rates of atom exchanges are not limited by the very slow

rates of vaporization and condensation in the gas (which is very dilute

in the metal atoms)* but is now limited by the rates of diffusion through
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or over the surfaces of the intervening condensed phases (solids,

liquids, or glasses) which can be very high for oxidizable metals at high

temperatures. The equilibration of two particles imbedded in contiguous

oxides will then depend on (1) the rates of diffusion which

increases with (a) oxidizability of the atoms, (b) the mobility of the

atoms (which is higher at higher temperature) and (2) the distance between

the particles. As temperature decreases, the distance between particles

which can be equilibrated decreases so that, ultimately, even particles

which are very close (e.g., IJJ) may not equilibrate.

Two particles will generally not tend to equilibrate unless they were

connected by an intervening condensed phase where the rate of exchange is

fast. These rates should usually decrease in the order liquid>glass>crystal,

oxidizable species > nonoxidizable species, high temperatures > low

temperatures. Thus two coated particles will not equilibrate if they

agglomerate at temperatures too low for significant diffusion through

the coating. This point is important in understanding the genesis of

some of the particles we have observed. The lack of equilibration of

e.g., a Pt rich Ni-Fe alloy with another Ni-Fe alloy nearby, cannot be

used as evidence that these particles were not derived from high tem-

perature condensates (Arrhenius and Raub, 1978).

d. Supersaturation and the formation of metastable oxides and sulfides.

Metals tend to supersaturate considerably because of nucleation

barriers. Once oxides and silicates begin to condense and coat metal

particles, metals can supersaturate even more readily because of the

continuous removal of metal condensation nuclei (Fuchs and Blander, 1977;

Blander et dl.s 1980). As a consequence, metastable materials can form
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and for some metals such as W, Mo, Fe, and Ni, metastable oxides and

sulfides can appear. Even if Mo and W do not form such metastable oxides

and sulfides directly, the formation of FeS or "FeO" in a silicate by this

path can lead to the exchange process described earlier with the end

result being Fe in the metal and a metastable oxidized form of W or Mo.

(Fuchs and Blander, 1977; Blander et al.3 1980). Even if FeS or "FeO"

later forms stably at low temperatures, this mechanism would also obtain

if the rates of the process are fast enough.

COMPARISONS WITH MEASUREMENTS

From the preceding section we deduce that the least altered refrac-

tory alloy condensates should be found in environments where they are

minimally connected by an intervening condensed phase to alloys with which

they can exchange atoms. This appeared to be the case for the particles

reported by Blander et al. ,0-980). Of the particles discussed here, the

three in 6/16/72 appear to be the closest to a primordial condensate and

this inclusion had very few Ni-Fe or sulfide particles in our polished

section. This is consistent with the discussion in the preceding

section. In the discussion which follows we will compare our SEM

measurements with these concepts. One must keep in mind that the

particles were too small for quantitative analyses so that all analyses

are only indicative of compositions.

If all the metals condense into a single alloy phase the ratios of

metal/Os would be (weight ratios) Re - .069, W - .206, Mo - 2.69, Ir - .966,

Ru - 1.346, Pt - 1.915, Rh - .289 with the value for Mo probably being too

high by a factor of about 2 (Wark and Lovering, 1978; Palme and Wlotzka,

1976). Analyses Al, A3, and Bl in Table 1 (particle 6/16/72) could have

been of primordial condensates if collection efficiencies were not the same
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for all the metals and/or if there is some small amount of mobilization.

The apparent absence of W may be the result of some mobilization and too

little remaining in these small particles to detect. The analyses A2,

A5, B3 and B5 might be of primordial condensates isolated at high tem-

perature and analysis C could be of a primordial condensate from which

the Mo (and probably W) had been mobilized. B2 could be a composite of

two alloys, one isolated at a high and the other at a low teiaperature.

A4 could be a composite of MoS~ (sulfur could not be detected because

of interference with Mo) with a low temperature Pt rich material.

Refractory metals in the other four inclusions appeared to have in-

teracted extensively to alter the primordial condensates.

9/19/72 the Pt alloys observed could be either a low temperature cut

from the nebular condensate or an fee segregation. The spots containing

Os and/or Ru in varying proportions could be a high to moderate temperature

condensate which segregated to form an hep alloy which had been alloyed

with later condensing Ni and Fe which may have displaced the Mo and W.

The most interesting occurrence was the contiguous particle containing a

Ni-Fe-Pt piece an Fe-Mo-Ni piece and an Fe-Os-Ru-Ni piece which might pos-

sibly be an adjoining segregation of fee, bec, and hop alloys. It is

noteworthy that no Ir was detected in the particles. This might be related

to some unknown mode of segregation or mobilization of this metal.

This point will be discussed later.

10/5/72 Although few metal particles were found, all of the heavy

metals were found to be closely associated with Ni-Fe alloys and

pentlandite. The small Os-Ru occurrences could be the hep remnant of

a high temperature condensate of Os-Re-</-Mo-Ir-Ru in which the W and Mo



-20-

formed an oxide (W) or sulfide (W or Mo), in which there was too little

Re to detect and the Ir was segregated into another phase. The Pt in

the Ni-Pe alloy might have had the same genesis as those in 9/19/72.

2/25/76 The Os-Ru spots could be hep segregations of condensates with

different Os/Ru ratios and the Ft in Ni-Fe alloys indicates the preference

of Ft for an fee phase. The Os-Ru-Ir containing phase could be a

primordial high temperature condensate from which all the W and Mo had

been mobilized out and into an oxidized form in another phase. The

presence of molybdenite lends support to this interpretation.

6/24/77 The Pt rich alloys listed in Table 3 could have been relatively

low temperature condensates although the presence of both Ir and/or Rh

in some of them indicates the preference of these metals for fee alloys.

The apparent presence of some Os, Re, Ru, and possible Mo in some of the

particles may indicate a somewhat more complex metallurgy or more simply

be caused by the background radiation due to the presence of an adjacent

particle containing these elements. Because of interference between Mo

and S, definitive analysis for Mo at low levels is not possible. The Os-

Ru rich alloys listed in Table 3 appear to be hep segregations from a

high temperature condensate. The presence of some Mo and Ir in some of

them indicates incomplete loss of these elements which were in the initial

condensate. The Os-Ir-Ru-(Mo) alloys listed in Table 3 appear to be

primordial high temperature condensates which have lost W and Mo. Of

the Mo rich materials, most are definitely MoS2 and 10B is possibly MoS2>

The Mo rich materials at 2B, 19D and 5CD appeared to be brighter than

expected of MoS? and could be metallic. Tb-use are possibly bcc phases.

They were all adjacent to or on a Ni-Fe alloy and part of the apparent

Ni-Fe in their analyses might have resulted from the proximity of this alloy.
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The most unusual observation in 6/24/77 is that of the molybdenite

particle 35C which partly surrounds an alloy of variable composition

which ranges from being Ir rich (64Z), and Pt free to Pt rich (42%) and

Ir free. This alloy, which appears to be a single piece visually and

with back scattered electrons, could be a clue to a mechanism for the

possible segregation of Ir from Pt despite the fact that both metals

have a tendency to enter fee phases.

One explanation for this particle and for some of the behavior of Ir

in these inclusions might be that both Ir and Pt enter an FCC alloy

phase at high temperature which, because of ordering effects discussed

earlier, separates into two phases at lower temperatures.

There are many other ancillary observations which are noteworthy

although they are not related to the central purpose of this paper. The

association of some of these particles with phosphorus (phosphates)

arsenic and lead probably results from secondary reactions which appear

to be focussed on some of these particles. One possible explanation

might be that these particles are catalytic for reactions involving

these elements or that the minerals associated with the heavy elements

are good solvents or receptors for compounds containing these elements.

Further detailed studies would be needed to fully understand these

observations.

Despite the complexity of their modes of occurrence, most of the

particles we observed could be materials derived from nebular con-

densates. Because of a lack of complete knowledge of the properties of

these multicomponent alloy systems not all of the alloy phases can be

completely rationalized on this basis at present.
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The most significant system in this respect is the Ir-Pt-Ni-Fe system

where an explanation of our observations requires one to postulate an

unmeasured phase separation. Such phase separations may be involved

in the segregation and concentration of Ir into small hard to detect

particles. Could this be the reason we detected no Ir in 91'19/72,

10/5/72 and aimost none (only one spot) in 2/25/76? On the other

hand, if Ir has some unknown especially rapid mode of transport, it

might have been diluted by alloy phases (e.g., Ni-Fe) out to a much

larger distance than, let us say, Pt and it might not then show up as

readily as Pt in fee alloys. A detailed phase study of the Ir-Pt-Ni-Fe

system would be important to clarify our observations. Such studies

should include an examination of the structures of the different phases,

some of which should show strong ordering tendencies.

The most primordial metal particles appear to be inclusions which

contain very few Ni-Fe or sulfide particles indicating that interactions

and exchange of atoms with other metal or sulfid« particles led to the

large number of phases and compositions we observe. This also supports

the idea that physical contact through intervening condensed phases at

temperatures which are high enough is needed for exchanges of atoms and

for chemical and mineralogical reactions to occur. If an inclusion and

any later nebular condensate accreted on it is incorporated into a

meteorite at low temperature, then all of its exchange reactions and

mineralogical reactions will be localized and often different from other

inclusions and their accreted materials. Such behavior is consistent with

the localization of particle characteristics in a CAI as well as the

localization (and variety) of interactions of CAI's and chondrules with

their environment.



-23-

Concluslons

Most of our observations on refractory metals or refractory

Inclusions in Allende can be understood if one assumes that they were

primordial condensates which were isolated from the nebula at different

stages of the condensation process and (in most cases) later underwent

phase separations and chemical reactions. A small fraction of our

observations cannot be reconciled with this picture because of a lack

of knowledge of some of the phase equilibria which might have been involved.

Further work on the phase relations and stabilities of some of the alloys

is needed to further our understanding of these refractory particles.
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TABLE 1

Analysis of nine spots In the three heavy metal particles A, B and C

from the Inclusion 6/16/72.

Spot

Al

A2

A3

A4

A5

Bl

B2

B3

C

Os

22

23

17

TR

22

17

13

30

17

Mo

11

16

10

18

36

9

17

38

0

Ir

21

31

19

0

15

15

TR

TR

16

Ru

18

18

13

0

TR

13

TR

TR

12

Pt

13

0

17

34

TR

20

25

0

18

Fe

9

8

13

28

22

13

20

20

18

Ni

7

4

11

20

5

13

24

13

18

TR-barely detectable-about 1%.
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TABLE 2

Analyses of Spots in or Near Ni-Fe Alloys in 2/25/76

Os Ru Ni Fe Environment of Metal

50

41

27

24

21

12

51

35

34

40

12

43

26

50

0

23

57

48

43

32

24

30

14

14

5

5

25

34

23

29

21

23

42

24

78

27

27

32

20

30

16

18

39

40

49

56

12

17

27

17

44

19

19

15

11

32

8

12

21

16

10

11

20

22

25

27

12

15

15

14

9

15

13

10

11

18

8

8

15

22

fassaite

fassaite

fassaite

fassaite

spinel

spinel

mesostases

(+ 15 Ir) spinel

fassaite

fassaite

fassaite

fassaite

melilite

M M
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TABLE 3

.Analyses of Heavy Metal Particles in Inclusion 6/24/77

1. Platinum rich alloys

Pt

2A
1A

8A
2B

25B

33

34C

35C

1CD

2CD

3CD

4CD
5CD

6CD

ID
2D

3D

8D

17D

26
12

46

24

20

30

26

42

9

18

18

17

13

9

21

11

7

23

21

Ni

65

63

35

48

37

38

60

45

53

56

67

66

57

68

59

66

65

69

52

Fe

9

3

19

19

20

21

12

14

25
26

16

16

30

23

21

23

25

8

8

Other Elements

23S

tr Rh

9 Ir

16 Ir, 13 Mo or S

2 Ir, 8 Eh

8 Ru, tr Ir, Os

tr Re, Rh

13 Ir

tr Rh

tr Rh

.

tr Os, Re, Mo, Ru

tr Ir, Rh + ? Ru

4 Ru

19S

TR-barely deteutable-about 1%.
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TABLE 3 (Continued)

2. Os-Ru rich alloys

1A

9B

33

28C

34C

2CD

2CD

6CD

2D

3D

430

4 3D

Os

0

19

100

45

15

33

22

tr

tr

46

22

9

3. Os-Ir-Ru(-Mo) rich

1A

1CD

2A

3B

Os

37

17

26

19

4. Mo rich materials

Ru

22

16

0

34

16

43

36

27

11

31

25

44

alloys

Ir

29

18

28

23

Ni

74

46

(small

14

44

15

27

54

65

13

30

31

Ru

35

47

33

28

Fe

4
19

Fe + Ni)

7

9

9

15

19

24

10

14

16

Mb

13

—

Other elements

16 Pt

tr Ir

tr Mo, Ir

tr Ir

tr Mo

9 Mo, tr Re

tr Mo, Ir

Ni Fe

11 7

(+ tr W)

30

2B 67 Mo 7 Os 17 Ni 9 Fe

10B 27 Mo 43 Ni 19 Fe

19D mo + Ni + Fe

5CD 28 Mo 41 Ni 31 FE tr Pt, Re, Ir

27C, 34C, 35C, 1CD, 3CD, 3D, 28D Mo + S + Ni + Fe in 3D and 28D

TR-barely detectable-about 1Z.
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Figure Captions

Figure 1. Metal particles in the inclusion 9/19/72 viewed with back-

scattered electrons in the scanning electron microscope.

The particles labelled Ni-Fe-Pt and Ru + Ni>Fe were con-

nected before the final polish. The unlabelled particle

to the upper right of the Ni-Fe-Pt particle is also an

alloy of Ni-Fe containing Pt and might also have been part

of the same piece. The bright spots on the Ni>Fe particle

in the upper left corner are all Os-Ru alloys with different

Os/Ru weight ratios.

Figure 2. A pentlandite particle in the inclusion 10/5/72 viewed with

backscattered electrons in the scanning electron microscope.

The particle encloses a Ni>Fe alloy, a blade of molybdenite

and three Os-Ru spots marked by arrows. The Os-Ru ratio in

these spots varied from OsMtu for the upper spot to 0s>Ru

for the center spot to 0s»Ru for the lowest spot.


