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Are the Stratospheric Dust Particles Meteor

Ablation Debris or Interplanetary Dust?

Maxwell B. Blanchard and Frank T. Kytel

Ames Research Center, NASA

Moffett Field, California 94035

Recent collections of 5 - 50 micron particles from the stratosphere may

soon be the object of intense research as a source of interplanetary dust

that may provide information about the origin of the solar system. Before

the interplanetary dust can be studied in depth, it is necessary to identify

and separate the meteor ablation debris from the stratospheric collection.

Criteria for recognizing meteor ablation debris was developed based on

studies of natural and laboratory created fusion crusts and debris from

artificial meteor samples. These laboratory studies indicate that meteor

ablation debris from nickel-iron meteoroids produce spherules containing

taenite, wustite, magnetite, and hematite. These same studies also indicate

that ablation debris from chondritic meteoroids produce spheres and frag-

mentary debris. The spheres may be either silicate rich, containing zoned

olivine, magnetite, and glass, or sulfide rich, containing iron oxides (e.g.,

magnetite, wiistite) and iron sulfides (e.g, pyrrhotite, pentlandite). The

fragmentary debris may be either fine-grained aggregates of olivine,

magnetite, pyroxene, and occasionally pyrrhotite (derived from the 'meteorite

matrix) or individual olivine and pyroxene gral.ns (derived from meteorite

inclusions).
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Identification of the above kinds of ablation debris in the stratospheric

particle collection was positively confirmed for many particles. The obvious

ablation debris are spherules in the chondritic, FSN, and Fe-Ni groups of the

stratospheric collection. The chondritic spherules are identified by their

melt texture, the presence of olivine and magnetite, and spheroidal iron

sulfides. The FSN and Fe-Ni spherules can be considered products of ablation

•	 solely by the presence of different stages of oxidized iron (e.g., magnetite,

wustite). Additional confirmation is supplied by the identical mineralogy

found in artificial debris and the depletion of volatile sulfur in the FSN

spherules. For the remaining stratospheric particles, chondritic aggregates

(comprises about 1/2 the stratospheric collection), mafic silicates, and

angular FSN's, there is some doubt if they are a special form of ablation

debris or unaltered interplanetary dust. The issue is whether or not frag-

mentation produces quantities of unmelted grains that survive in the Earth's

atmosphere. Unfortunately, we are now only able to unequivocally demonstrate

that those particles with high 4He content and those with unoxidized Fe-Ni

mounds have never fragmented or ablated.
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INTRODUCTION

fi<L-cent collections of 5- to 50-um particles from the stratosphere may

soon be the object of intense research as a source of interplanetary dust,

from which information may be gained on the origin of the solar system. These

particles include both interplanetary dust and meteor ablation debris, and are

now being collected at an altitt:de of 20 km with NASA's U-2 aircraft. To date,

over 250 particles [Brownlee et al., 1976] have been collected that appear to

be extraterrestrial. However, before the interplanetary dust can be studied

in depth, it is necessary to identify and separate the meteor ablation debris

from the collection.

To develop criteria for identifying meteor ablation debris, a systematic

study of ablation products was initiated [Blanchard, 1969, 1972, 1973].

Fusion crusts of natural meteorites were compared with fusion crusts and

ablation debris created in the laboratory. Comparisons between the fusion

crusts of two carbonaceous chondrites, Allende and Murchison [Blanchard et

al., 19741, and the laboratory-ablated olivine and pyroxene samples showed

[Blanchard and Cunningham, 1974] that the ablated debris consisted pre-

dominantly of a recrystallized Fe-deficient olivine, magnetite, and glass.

Similar comparisons between the fusion crusts of three Ni-Fe meteorites

(Boguslavka, Norfolk, and N'Kandhla) with spherules from deep sea manganese

nodules, and laboratory-ablated Fe and Ni-Fe metallurgical samples showed that

the ablation debris of a Ni-Fe meteor consisted predominantly of magnetite,

hematite, taenite (y Ni-Fe, metal), and the disequilibri.um-phase wustite

[Fe0 1 -x, Blanchard and Davis, 1978). The majority of the stratospheric

particles have elemental abundances and textures similar to the most primitive

carbonaceous chondrites, %ithich prompted another laboratory ablation study

with an actual sample of the Murchison meteorite, a C2 carbonaceous chondrite
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[Kyte, 19771. It was concluded. from these analyses that the following guide-

lines should be the basis for recognizing ablation debris from iron and

silicate-rich meteoroids.

1. Occurrence of disequilibr.ium mineral, phases (e.g., wUstite, glass,

and zoned olivine) due to melting and rapid cooling.

2. Distinctive textures (e.g., zoned olivine surrounded by magnetite

crystals in a groundmass of glass) produced by intergrown

dissimilar phases.

3. Depletion and migration of volatile elements (e.g., S, C, H90) due to

heating.

4. Fractionation and concentration of less-volatile elements in some

mineral phrases according to their affinity for oxygen (e.g., Ni-rich

metal cores surrounded by Ni-poor iron oxides).

In this paper the differences between the stratospheric particles and the

ablation debris that originates from meteoroids (especially carbonaceous

chondrites) are compared in hopes of showing what fraction of the strato-

spheric particles represents unaltered interplanetary dust and what fraction

represents debris ablated from meteoroids.

PROCEDURE
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The Murchison meteorite was selected for artificial ablation experiments

because there were many similarities between the stratospheric particles and

carbonaceous chondrites, and the chemistry and mineralogy of this chondrite

has been	 Murchison meteorite contains a mixture of high-
....

and low-temperature condensates and is composed mainly of a fine-grained,

hydrated, layer-:Lattice silicate (Fe-rich, Al.-poor chamosite) with inclusions

of olivine and Ca-poor pyroxene [Fuchs et al., 1973]. There is little troilite,
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magnetite, and free metal in the meteorite. Most of the S and some of the Fe

occur in a poorly characterie,,ed, amorphous Fe-S-0 phase in the chamosite

matrix. The olivine-to-pyroxene ratio os 2:1. Then? two minerals are

typically Fe-poor with a range of 1-5f mole fraction of Fa (olivine) or Fs

(pyroxene), although more Fe-rich grains do occur.

For ablation studies, a 406-g specimen (#Me 2684) of the Murchison

meteorite was broken by hand and trimmed to 62 g wich a diamond-impregnated

copper wire. The sample was ablated (Figure 1) using a plasma beam con-

sisting of ionized air, argon, and electrons in the 1.3-cm-diameter

constricted-arc jet facility at NASA Ames Research Center [ Shepard et al.,

1967]. The desired conditions were to simulate a 30-cm-diameter meteor

traveling 12 km/s at an altitude of 70 km. Unfortunately, with this facility,

we were unable to achieve a sufficiently high stagnation pressure in the gas

cap, and the pressures on the sample were lower, simulating an altitude

somewhat above 100 km (Carlson, personal communication). Thus, this experi-

ment primarily simulated heating rates and not pressures.

Ablation debris was collected from the chamber for analysis. Water-

cooled copper trays were placed directly behind and below the ablating model;

chrome-plated trays were placed along the sides and rear of the chamber.

These trays collected debris falling directly off of the ablating model.

Debris was also recovered from the floor and walls of the chamber. The ex-

periment lasted only several seconds, after which time the sample was nearly

consumed (but still had an artificial fusion crust for analysis), and the

copper holder began to ablate.

Since March 1974, the stratospheric particles have been collected by

NASA U-2 aircraft with an inertial impaction device [ Ferry and Lem, 19741

5
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artificial ablation debris for 4 hr to 5 days. Every precaution was taken to

exclude contaminants from the analyses of the artificial ablation debris.

^i	 Particles from the arc-jet chamber were considered as contaminants unless
► 	 i
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	 their, elemental abundances closely matched the original meteorite, or they

otherwise were demonstrated to have been created during the ablation experi-

ment (e.g., spherule shaped).

CHARACTERISTICS OF ABLATION DEBRIS FROM CARBONACEOUS CHONDRITES

The natural and artificial fusion crusts are very similar and the abla-

tion debris collected in the Murchison experiment closely resembles the fusion

crust of the Murchison meteorite. Although magnetite is not as common in the

outer zone of the artificial fusion crust as in the natural fusion crust, it

is ubiquitous in the recrystallized ablation debris.

Murchison Fusion Crusts.

The natural and artificial fusion crusts are similar and can be divided

into two zones based upon the amount of heat they experience. The outer zone

(Figure 2,'#1), the higher-temperature zone, was originally molten but solidi-

fied after ablation to form a fusion crust with discontinuous glassy and

lobate protuberances often connected by thin glassy membranes. The inner zone

(Figure 2, #2), the lower-temperature zone, shows signs of partial melting,

but not to any great extent because there are some unaltered olivine grains.

The outer zone of the natural and artificial fusion crusts have common

mineral phases: magnetite, olivine, and glass. The magnetite crystals are

dominant in natural fusion crusts (Figure 3) and form chains of equant, cubic,

micron-sized crystals; in artificial fusion crusts, magnetite crystals are a

minor phase and occur as submicron intergrowths. Olivine occurs as subhedral
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and cwhedral crystals up to 10 jim. 
These 

crystals have a zoned composition,

wiLh V070 at their centers and progressively -more Vc—rich at their outer rims

(Figure, 4). Glass occurs as P,;\ interstitial matrix ma-torial surround ing the

magnetite and olivine crystals with a composition of Fo, SJ, (major); Ca, Al

(minor), and Mg (trace)

The inner zone is (^,owmonly transected by ftactures and elonpoted. holes

(Viguro 5) porpend,iculai° to the surface of 
the 

fusion crust through which

vaporizing volatiles have esel."pod. In untural and artificial fusion crw-;ts,

troilite, rotrrystallizod (Flgviro 2) in lenses and pocis, lizas inva,dod. the

frac.tqros and holes of the ituit:,r zone.

Murchison Ablatioll Debris.

Tho 'Iblacion debris has been divided into two morphological gi-oups 	 (1)

spherules and sphetoidal particles that have solidified, from moltea droplets,

wid (2) rrqIIIOTI.CZ3.ry dohri;,,, angular particles 
that 

nover comploto-IS meltod.

Sphorulos. frc-m I lam to I mm in diametor zwo. typically ,grayish

Mack with. a slight J.ustQr. Thc> sui:face toxturos showni by SEE in Figuro 6

woro Variable.

The two types of sphorulos 
in 

ablatior, dobriti (silicate and sulf 0) are

showia in Table I, Silicates pj:cdomia,ite over 
the	

by about 10:1.

Siliezi,to, splitmilos ire simil 'ar 41, composition to the Original meteorito o-scopt

S has bcoa gloptetcd. Tho. m j'IL olem,"Ile 's	 Vc, SJ, and DV,; 111itior elements

are C„i Ooki, Al; e.,ommoti trace eloments are Iii and Or. Thc?so ,plvcrulcs contain

OU'vilic	 ;glass, and 111agnotiLO (Fivgviro- 0i) , Many silicate sphemiles

("O'N) conLain -.LncIw;:Ixms of tho. 8amo stilfide phast2 (Figuro 6c), whie-11 fol7ms

010 sulfido sphol.-Ulos. Sulf ii.dc spherkulo,3	 6b) aro rich iti. Fe and have
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	 variable amounts of 5 and Ni. These spherules contain magnetite, wUstite,

pyrrhotite, and pentlandite; occasionally, all of these minerals occur in the

same spherule. The pentlandite cell dimensions are large, ,:adicating an

,.	 Fe/Ni atomic ratio >2.

Fragmentary Debris. About 75% of this material, is typically a fine-grained

black, nonporous aggregate containing several minerals (Table 1). Occasion-

ally, these particles are large (`S mm in diameter), indicating that the

meteorite sample was fragmenting well back of the fusion crust. However, the

smaller fraction (<150 um in diameter) predominates and shows little or no

sign of melting. The elemental, abundance and the fine-grained textures of

these aggregates indicate they were originally part of the fine-grained matrix

of the meteorite. In addition to this fine-grained fragmentary material,

single grains of maf is silicates (olivine and. enstatite) , high in Si and rig

and usually low in Fe, are common (-25/). These mafic silicates (Table 1) are

transparent with a reddish tinge (caused by heating) and have angular or

rounded edges. The fine-grained debris typically contains Fe-poor olivine,

magnetite, enstatite, and occasionally pyrrhotite. An SEM micrograph of a

typical fine-grained fragmentary particle is shown in Figure 7. Occasionally,

some of the fine-grained debris can be round with a fusion crust on one side

(Figure 8).

Mineral Associations.

Four different mineral. assemblages Have been identified in the artificial

ablation debris (Table 2)	 (1) olivine-magnetite-glass, in nearly all

spherules (2) olivine-magne tit e-enstatite-pyrrhotite is 3/4 of the fragmentary

debris; (3) olivine-pyroxene unmelted grains in about 1/4 of the fragmentary

9
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debris; and (4) iron oxides-iron sulfides in few spherules but a common ac-

cessory in assemblage (1). These mineral assemblages represent the effects of

heating and fragmentation experienced by the sample during ablation.

Bulk Analyses.

Bulk analyses of the original meteorite and the spherules were used to

interpret general trends in the ablation process. The bulk analyses values

for the original meteorite in this study agree with the values of Fuchs et

al. [1973] and Jarosewich [Fuchs et al., 1973]. Although there is a trend

for depletion of volatile elements like S, Na, and H 2O, there are only minor

changes in relative proportions of rig, Al, Ca, and Fe to Si in the spherules

compared with the original meteorite.

Origin of Mineral Associations Produced by Ablation of Murchison Meteorite.

The olivine-magnetite-glass assemblage was formed from molten droplets

derived from the outer zone of the fusion crust. The olivine is a

recrystallized Fe-deficient forsterite, which forms from destroyer matrix

materials (layer-lattice hydrated silicates, olivine, and pyroxene). The

glass forms only when rapid quenching occurs. The glass is abundant in the

fusion crust and the ablation debris. Magnetite is an abundant mineral

in fusion crusts (Figure 3) and artificial ablation debris (Figure 9)

because it forms in the melt after many other minerals have been

destroyed or oxidized. Magnetite is formed (1) by a combination of

incongruent melting and solid-state diffusion of the Fe-rich silicate

minerals (olivine, pyroxene, hydrated silicates); (2) by simultaneous

destruction and oxidation of the iron sulfides (pyrrhotite, troilite, and

the Fe-S-0 phase); or (3) when metallic Ni-Fe and magnetite are melted

10
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and recrystallized in an atmosphere having suitable oxygen partial pressures.	 4

This assemblage has been previously reported during studies of the natural
	 g

•fusion crusts of the chondritic meteorites, Allende and Murchison [Blanchard 	 y

t

and Cunningham, 1974]. Further, an olivine-magnetite-glass assemblage has

been observed in the fusion crust of other chondrites [Orgueil, Brownlee et

al., 1975; Warrenton, Ramdohr, 1967], and magnetite is common in the debris

from the Tunguska meteorite fall [Florenskiy et al., 1968; Florenskiy and 	 y

Ivanov, 1970]. A somewhat similar assemblage of minerals (olivine-enstatite 	
i

magnetite-wustite-glass) was described by Yudin [1955] in the fusion crust of 	 j

Kunashak, an ordinary chondrite. These observations demonstrate that the

magnetite-olivine-glass assemblage is a typical product of the ablation 	 1

process from chondritic meteorites.

The olivine-magnetite-enstatite-pyrrhotite assemblage was formed from

fine-grained matrix m6terials that were heated in the inner zone of the

fusion crust. The olivine and magnetite formed from the original chamosite

matrix by incongruent melting and solid state diffusion, as described

earlier. Fuchs et al. [1973] heated Murchison matrix material to 450°C

forming olivine and magnetite from the chamosite and, whenever the poorly

characterized Fe-S-0 phase was present, FeS was formed. This low temperature

heating is effective at forming the sulfide-rich veins observed in the

fusion-crust inner zone and the pyrrhotite in the fragmentary debris. The

enstatite and some of the olivine identified probably represent unaltered,

minute grains of these minerals within the fine-grained fragmentary debris.

The olivine-pyroxene assemblage is composed of unmelted grains of mafic	 i

silicates (olivine, enstatite) in which individual particles have separated	 k

from the sample by fragmentation without having been altered by heating. The

i.l
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existence of both types of fragmentary debris demonstrates that fragmentation

of the sample allows the fragments to escape the melting process.

Occasionally, some mafic grains may show rounded edges, suggesting they were

only briefly exposed to high temperatures. In the artificial ablation

experiment, fragments needed only to escape the arc jet plasma to avoid

melting and vaporization. The low impact pressures in this experiment had a

significant effect on the composition of the melted debris and the amount of

unmelted debris produced. First, the partial pressure of oxygen was lower

than in the real environment for this altitude, so oxidation of the sample

was not extensive. Second, lower gas-cap pressures with these heating rates

favored melting and vaporization rather than fragmentation in the ablation

process. Because the sample was fragile, higher impact pressures would have

destroyed it faster, producing even larger quantities of fragmented debris.

In this experiment, we demonstrated that unmelted particles can survive

meteor ablation in the laboratory. If this is possible in nature, then it is

likely to occur when the gas-cap pressures are high.

The iron oxide-iron sulfide assemblage is also a product of the ablation

process. The sulfides and oxides always occur together in these particles.

The sulfides were formed in the inner zone of the fusion crust as the matrix

was heated. During this time, the troilite and poorly characterized Fe-S-O

phase melted, forming the sulfide veins that migrated inwards. These

particles did not form in the outer zone because the sulfides would not

survive the high temperatures. A process allowing these sulfides to form

requires low-temperature heating and rapid cooling. When the ablating sample

fragmented, exposing the inner zone of the fusion crust, droplets were

produced, which sprayed out from sulfide veins forming the S-rich spherules.

12
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Silicate spherules with the sulfide inclusions formed when silicate droplets

containing sulfide inclusions fragmented from the inner zone, melted, and

cooled rapidly. Liquid droplets of silicate and sulfide phases may also have

combined during flight after leaving the sample. The iron oxides are not

associated with silicate minerals or glass, but formed from a metal-sulfide

melt from which some sulfur was vaporized and Fe was oxidized.

CHARACTERISTICS OF THE STRATOSPHERIC DUST PARTICLES

Brownlee et al. [1976] used elemental abundances and textural features

to describe 250 particles collected by the U-2 aircraft_ from the stratosphere

thought to contain interplanetary dust. With these two parameters, the

particles have been classified into five groups: chondritic (60%), FSN (30%),

maf is silicates (6%), Fe-Ni (3%), and others (1%).

Chondritic Particles

.Chondritic particles are either aggregates (90%) or ablation debris

0
(10%). Chondritic aggregates (Figure 10) are aggregates of particles 1000 A

,and are typically compact with little pore space; some, however, are porous

(Figure 11). Their elemental abundances are within a factor of two of

chondritic meteorites for Fe, Mg, Si, C, S, Ca, and Ni. Carbon ranges from

2-15% in those particles this element was measured. Half of the ten

particles analyzed for 4He contained this element in concentrations

comparable with lunar soils. The mineralogy of these chondritic aggregates

include hydrated silicates, olivine, magnetite, and pyrrhotite. The

chondritic ablation particles are spherules (Figure 12) or spheroidal,

verifying they were once molten. None of the particles are porous or contain

S, although an inclusion that contained Ni-Fe and a small amount of S was



found in one spherule [Brownlee personal communication].	 The minerals in

these particles include olivine and magnetite. A
A

FSN Particles. J

FSN particles exist in many forms. 	 Most are spherules (Figure 13),

although there are platelets (Figure 14) and crystals (Figure 15).	 The

particles are rich in Fe, Ni, and S.	 Sulfur is often deficient relative to

stoichiometric FeS.	 Sulfur content varies greatly and is sometimes so low

that FSN particles are similar to Ni-Fe particles.	 Nonspherical particles

are sometimes intimately associated with the chondritic aggregates.	 The

minerals in these particles include pyrrhotite, pentlandite, magnetite, and

wUstite.

Mafic Silicates.

Mafic silicates exist in many forms, often with clumps of chondritic

aggregates on their surface (Figure 16).	 Half of the particles appear to

contain pyroxene while the other half appear to contain olivine. 	 The

minerals in these particles include olivine, pyroxene, magnetite, and

pyrrhotite.

Fe-Ni Particles.

Fe-Ni particles are mostly spheres containing taenite, magnetite,

and w^istite.

Other Particles.

This group classification contains a few chondritic silicate particles
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pyrrhotite have been identified in one of these particles; the absence of

any iron oxides is a significant characteristic and indicative of the origin

of these particles..

=1 SIMILARITIES BETWEEN THE STRATOSPHERIC DUST PARTICLES AND NATURAL

a AND ARTIFICIAL ABLATION DEBRIS FROM CARBONACEOUS CHONDRITES

AND IRON METEORITES

The textural, elemental, and mineralogical characteristics of some of

the particles collected from the stratosphere by the U-2 aircraft are similar

to the artificial ablation debris and natural fusion crusts of the chondritic

'q and iron meteorites we examined.	 Four groups of particles (chondritic,

Fe-Ni, FSN, and mafic silicates) of the five recognized in the stratospheric

collection compare especially well (Table 3) with the mineral assemblages

(olivine-magnetite-enstatite-pyrrhotite, olivine-magnetite-glass, iron

z
oxides-iron sulfides, m 4agnetite-hematite-ts(istite-taenite 7 and olivine-

pyroxene) produced by artificial ablation from the Murchison meteorite and

t	 { the Ni-Fe samples.

Chondritic particles from the stratosphere resemble the olivine-

magnetite-enstatite-pyrrhotite and the olivine-magnetite-glass mineral

assemblages from laboratory-generated ablation and fragmentation debris of

the Murchison meteorite.	 The fine-grained, nonporous, stratospheric

chondritic aggregates have textures (Figure 10) similar to the fine-grained,

nonporous particles (olivine-magnetite-enstatite-pyrrhotite) produced by

, ' .'l
laboratory-generated fragmentation of the Murchison matrix (Figures 7 and 8).

'Chose stratospheric chondritic spherules, tentatively identified as natural

ablation debris (Figure 12) match the spherules and fusion crust from
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Murchison ablated in the laboratory (Figure 6). The elemental content

(major Fe, Si, Mg; minor Ca, Al, and occasionally S) for these particles

and the mineralogy (olivine, pyroxene, serpentine or chamosite, magnetite,

and pyrrhotite) for these particles are nearly identical (Table 3).

"he Fe-Ni particles collected from the stratosphere resemble

the magnetite-hematite-wUstite-taenite mineral assemblage occurring in

fusion crusts of natural and artificial Ni-Fe meteorites, the artificial

ablation debris produced in the laboratory [Blanchard and Davis, 1978], and

the spheres in deep-sea sediments [Millard and Finkelman, 1970; Finkelman,

1972]. The minerals in the Fe-Ni stratospheric spheres are taenite,

magnetite, and wUstite. The iron oxides in these particles, especially

wUstite, indicate an ablation origin from an iron meteorite. Wastite is a

metastable iron oxide that is preserved only by rapid cooling of liquid iron

oxide in an atmosphere in which the oxygen pressure is insufficient to allow

formation of the more stable magnetite or hematite [Blanchard, 1970, 1972].

The absence of hematite in these spherules is not significant because

hematite is rare as a primary mineral in ablation products.

The FSN, and indirectly, Fe-Zli particles collected from the stratosphere

resemble the iron oxides-iron sul^ides mineral assemblage in the laboratory-

produced Murchison fusion crust and artificial ablation debris. As S is

depleted and Fe is oxidized, the FSN particles grade into the Fe-Ni particles.

The mineralogy of the stratospheric FSN particles and the laboratory-

produced Murchison iron oxides-iron sulfides have the same common minerals

(i.e., pentlandite, pyrrhotite, magnetite, and w6stite) and they have similar

elemental abundances. Predominantly, the FSN particles are spheroidal

(Figure 1.3, stratospheric FSN; Figure 6b, Murchison ablation), but the

16
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stratospheric particles include octahedron crystals (Figure 15) and platelets ~

(Figure 14) for which there is no counterpart in the laboratory-produced

Murchison ablation and fragmentation debris.	 Also, the inclusions of iron

oxides-iron sulfides in the Murchison fusion crust (Figure 2) and ablation '

spherules (Figures 6c, g ) from the laboratory are similar to iron sulfide

inclusions in chondritic spherules front the stratosphere.

The mafic silicate stratospheric particles (Figure 16) resemble the

unmelted olivine-pyroxene fragmentary debris from Murchison generated in the
t

laboratory.	 Both types have similar elements, textures, and minerals.

However. the submicron particles adhering to the surface of the mafic

silicates have never been seen in the artificial ablation debris.

The stratospheric particles classiCied as "others" appear to be unique. i

No equivalent to the Ni-Fe mounds found in the stratospheric ,particles

(Figure 17) exists in the laboratory-generated ablation debris from
t.

Murchison.	 The Ni-Fe would have been oxidized to form iron ox-ides if it had

been ablated in an environment containing oxygen.

CONCLUSIONS

Identification of ablation debris in the stratospheric particle

collection was positively confirmed for many particles from each group.	 The

obvious ablation debris are chondzitic ablation, FSN spherules, and Fe-Ni

spherules.	 The choadritic ablation particles are identified by their melt

texture, the presence of olivine and magnetite, and by the spheroidal iron

Sulfide inclusions.	 The FSN acid Fe-Ni spherules can be considered products

of ablation solely by the presence ot- different stages of oxidized iron

(i,. e. , magnetite, wiistite) . 	 Additional confirmation is the depletion of

volatile S in the FSN spherules.
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For the remaining particles -- chondritic aggregates (comprises about

one half the stratospheric collection), mafic silicates, and angular FSN —

there is some doubt if they are a special form of ablation debris or unaltered

interplanetary dust.	 The issue is whether or not fragmentation produces

quantities of unmelted grains.	 The data of Ceplecha and McCroskey [1967] has

shown that many fireballs undergo gross fragmentation in the upper

atmosphere, and supports the production of fragmentary debris. 	 Even at the {

low impact pressures of the laboratory ablation experiment, there was as Y
z

much unmelted debris produced by fragmentation of the Murchison sample as a

there was produced by melting. 	 However, the main question is whether any of

this fragmentary debris can survive. 	 The particles most likely to survive
i

unaltered after fragmentat ion should be the mafic silicates because they

have high melting temperatures. 	 One interesting possibility is that mafic 7'

silicates Gould survive as relict grains within largel, spherules.	 However, j

this has not yet been observed in either the stratospheric particles or the $'

Murchison debris.	 This phenomenon could occur if gross fragmentation
1	 '

1

produced a particle composed of fine-grained matrix with a mafic silicate
; t

grain inclusion. 	 The matrix could then melt at lower temperatures, forming

a spherule and. produce an, inclusion of olivine or pyroxene.

Although we now have adequate mineralogical criteria for recognizing

ablation debris from iron and chondri.tic meteorites, only part of the

»	 stratospheric particles meet these criteria well. 	 Unfortunately, we are now

only able to unequivocally demons trate that those pa rticles with. a high 4He

content and those with unoxidized Fe-Ni mounds have never experienced }

fragmentation or alalation processes. 	 Clearly, 4He is so volatile that it +^
tyk

could. only occur in unaltered interplanetary dust.	 Collection and analyses

qy
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of debris from the atmosphere in the wake of a. large fireball event would

help to characterize typical products from the fragmentation and ablation

' processes.
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TABLE 1. Qualitative Elemental Abundance and Mineralogy of the Artificial

Ablation Debris

Types of	 Elemental' Abundances

Ablation	 Mineralogy

Debris	 Mg Al Si S Ca Cr Fe Ni

Spherules

Silicates	 Olivine with accessory

magnetite and glass

Sulfides	 Magnetite or wustite, or

both, and pentlandite

or pyrrhotite, or both

Frakmentary Debris

Fine-grained Olivine and magnetite

Aggregates with some enstatite

.
-

and pyrrhotite (rare)

Ma f is
Silicates Olivine and enstatite

1J

Fhe white sections of the histogram bars represent the maximum variation

of that element in the group of particles; the black sections represent the

average elemental concentration of that element in the group of particles.
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TABLE 2. Occurrence of the Mineral Assemblages in the Artificial Ablation

Debris from the Murchison Meteorite

Predominant Mineral
Associations

Olivine-magnetite-glass

Olivine-magnetite-enstatite-
pyrrhotite

Olivine-pyroxene

Iron oxides-iron sulfides

Occurrence	 T

Fusion crust, and spherules
(nearly 100%).

a
Fine-grained , ggregates (75%
of fragmentary debris).	 i

Fine-grained mafic debris (25%
of fragmentary debris).

Spherules (minor), and common
inclusions in fusion crust and
silicate spherules.	 i q,
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FIGURE, CAPTIONS

Fig. 1. Schematic diagram of constricted—are supersonic jet with sample

of Murchison meteorite ablating.

,R	 Fig. 2. Reflected light photomicrograph showing the outer (#I) and

`	 inner (#) zones of the :fusion crust of the Murchison meteorite. Bright

grains in the inner zone are inclusions of iron sulfides invading the fractures

and voids.

t

Fig. J. SEM image of the natural fusion crust on the Murchison.

meteorite. The small equant, brightly colored grains are magnetite. The

r

	

	 larger crystal outlines shoxm. its light grey are recrystallodolivine grains.

The darker grey interstitial material. is glass.

Fig. 4. SEM image of the artificial fusion crust of the Murchison

meteorite. The large crystal outlines shovii in light gre y are zoned olivine

grains. These grains are enriched in. Fe at the outer boundaries.
. . 4

Fib;. 5. SEM image.- of they natural fusion crust of the Murchison

meteorite. The inner zone is characterized by voids and fractures through

which vaporizing volatiles escape.

	

e ^ f	 Fig G. SUM imagws of s pherules ablated from the? Murchison meteorite:
b

^f
(I) silicate sphere Composed of olivine, glass and ma ney:ti.te (bright grains

d

	e	 at surface); (b) sulfide sphore composed of magnetite, pyrrhotite, and

	

i	 wtfst; to ; (c) sili.c;p te spherulo with an inclusion of the sulfide phase exposed

	

F ° d	 f at its surf ace.
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JFig. 7. SEM image of the most common type of fragmentary debris, a
t^

nonporous, fine-grained particle containing micron grains of olivine,
i

magnetite, enstatiteg	 ,	 , and occasionally pyrrhotte.

Fig. 8. SEM image of a fragmentary particle from the Murchison
F

meteorite. Only one side of this particle shows evidence of melting, shown

by a smooth fusion crust with numerous voids where volatiles have escaped.

f

Fig. 9. SEM image of a polished section of a silicate spherule

^- produced by artificial ablation of the Murchison meteorite. The large grey

crystals are zoned olivine, the small bright crystals are magnetite, and the

dark matrix is glass. The spherical inclusion is composed of iron sulfides

but its outer rim has been altered to magnetite.

Fig. 10. SEM image of a chondritic aggregate, non orous

	

g.	 g 	 p	 particle from

the U-2 stratospheric particle collection. Major elements are Si, Fe, Mg,

S; minor elements are Ca, Al, Ni [ Brownlee et al., 1976].

Fig. 11. SEM image of a chondritic aggregate, of unusually high

porosity, from the V-2 stratospheric particle collection. Major elements are

Si, Fe, S, Mg; minor elements are Ca, Ni, Al [Brownlee et al., 1976].

1

Fig. 12. SEM image of a chondritic ablation particle, spheroidal and

showing submicron magnetite grains, from the U-2 stratospheric particle

collection. Major elements are Fe, Si; minor elements are Mg, Ca, Al, Cr

[Brownlee et al., 19761.

Fig. 13. SEM image of a FSN spherule from the U'-2 stratospheric

particle collection. Major elements are Fe, S; minor element is Ni

[Brownlee et al., 19761.
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Fig. 14.	 SEM image of an unusual FSN particle with platelet-like
'

I	 .1
structure from the U-2 stratospheric particle collection [Brownlee et al.,

1976].

Fig. 15.	 SEM image of an unusual FSN particle, with octahedron and }
}

I.

cubic crystal faces, from the U-2 stratospheric particle collection. 	 Major
!!

elements are Fe, S; minor element is Ni [Brownlee: et al., 1976].

Fig. 16.	 SEM image of a mafic silicate grain with adhering chondritic

aggregate particles from the U-2 stratospheric particle collection. 	 Mafic

silicate major elements are Mg, Si; a minor element is Fe. 	 Chondritic
;s

particle major elements are Si, Fe, Mg, S; minor elements are Ca, Al, Ni j!

[Brownlee et al., 1976].

Fig. 17.	 SEM image of an unusual round chondritic particle covered

with Fe-Ni mounds. 	 Major elements are Si, 11g, Fe; minor elements are Ca, Al,

Ni, and Cr [Brownlee et al., 1976]. LLa
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Fig. 2. Reflected light photomicrograph showing the outer (111) and
inner (112) zones of the fusion crust of the Murchison meteorite. Bright
grains in the inner zcne are inclusions of iron sulfides invading the
fractures and voids.	 30
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