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Nearly 100 chondrules were extracted from -8.6g of the

Mokoia (CV3) meteorite and have been analyzed by

sequential instrumental neutron activation analysis

(INAA). The resulting data were utilized in a

comprehensive statistical characterization of these

objects and, unlike similar investigations, virtually no

loss of relevant data was incurred due to the use of

inadequate or inappropriate software. Mass and elemental

frequency distributions, correlation analysis and sorting

coefficients support a "nebular" setting for chondrule

genesis, and a scenario in which interstellar "dust-balls"

(= chondrule precursors) are subject to some transient

(short duration) high-energy process(es) followed by

gravitationally or aerodynamically induced sorting, while

it appears that an enhanced oxygen fugacity due to

particle/gas fractionation may also be a factor.

Conversely, a "planetary" setting for chondrule formation

which requires the melting of pre-existing rocks (e.g.,



incompatible with the observed data. Factor analysis has

led to the identification of the following precursor

assemblages (i.e., factors) in the Mokoia chondrite: a

refractory lithophile phase, a siderophile/chalcophile

phase, a Mg-rich (silicate ?) phase, a refractory

siderophile phase, and a common lithophile phase.

Previous studies of the Allende (CV3), Ornans (CO3),

Semarkona (LL3) and Chainpur (L3) meteorites are compared

with these findings and interchondrite relationships are

discussed (e.g., do these objects share similar parental

materials, or are their compositions somehow

complementary? were they formed in proximity with each

other? etc.). A very unique oxide-sulfide-phosphate

opaque assemblage was found in Mokoia and analyzed by

INAA/electron-probe microanalysis, and may eventually

serve to place constraints on the low-temperature thermal

histories of chondrules or chondrites as well as provide

information concerning the oxygen and sulfur fugacities

within the Mokoia chondrite parent body.
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The Chondrule

"What is a chondrule, Oh tell me wise man,
And how do they fit into Nature's big plan?
Where do they come from? What do they mean?
Please tell me, old man, my interest's keen."

"The first thing a chondrule is, son, it's round.
That firm, basic fact is certain and sound.
Round as a sphere, and glassy and hard."
Not like an angular chip or a shard."

"Globular, circular, bulbous and spherical.
These are their properties, clear and empirical,
With lots of small crystals embedded in glass.
These are the standards each one must pass."

"I fear", said the young man, "that I am in trouble,
Though I see things in thin-section, round as a bubble,

I see here another, all squiggly, baroque.
It looks like a weird, topologigal joke."

"Why my boy, I admit, it's not quite so round,
It's still a good chondrule, on that I'll be bound.
For look, don't you see, it's roundish a little.
It's an angular chondrule, sort of square in the middle."

Said the youth, "You said round is the thing it must be."
"Don't get saucy, young man, or picky with me.
Spherical, roundness are ideal norms.
With a slightly curved edge anywhere, it conforms."

"Lobate, lenticular, arcuate, lumpy,
Framboidal, reniform, lunate or dumpy.
Any hint of non-straightness is perfectly fine.
Definition's too fussy are hard to define."

"If the rock is a chondrite,
Let this be your rule,
Otherwise you'll come off to your colleagues a fool.

Whatever you see in a chunk or a section
Call a chondrule, don't give it a moments reflection."

(continued)



"And the size, oh the size, I'll give you the word,
From as big as a house to a virus's turd.
A chondrule is what you want it to be.
It's a concept that lets imagination run free."

"The Earth is a chondrule -- Jupiter, Mars,
Venus and Mercury -- the tires on cars,
A basketball, turnip -- Rosen's rye bread,
If you'll look in the mirror, a chondrule's your head."

"Precise definitions are Science's stuff,

For Meteoritics that's all much too tough.
We're all far too lazy." -- He rose to depart,
Saying, "Son, after all, Meteoritic's an art."

-- Olsen (1989)



CHEMICAL AND STATISTICAL ANALYSES OF CHONDRULES

FROM THE MOKOIA (CV3) METEORITE

1. INTRODUCTION

1.1 Carbonaceous Chondrites

Based on the somewhat limited evidence which

currently exists, a majority of investigators would agree

that most meteorites originate(d) in the asteroid belt

located between the orbits of Mars and Jupiter, although a

few notable exceptions may exist. As the total mass in

the asteroid belt was probably never sufficient to

initiate gravitational instability and coalescence when

coupled with the disruptive proximity of Jupiter, objects

from this region represent "pre-planetary" material, and

the most primitive (i.e., unmodified) of these might serve

as suitable probes of the materials present and processes

occurring in the earliest stages of our solar system's

history. Hence, some meteorites could act as "windows"

into the time when the Sun and planets were still largely

unformed and the solar system, as we know it, was little

more than isolated gas molecules and disseminated grains

of dust.

Of all the currently known meteorite types, those

referred to as carbonaceous chondrites (CI, CM, CO and CV

in figure 1.1) have chemical compositions which do not

differ greatly from that of the total condensable matter
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Figure 1.1 A "family tree" of meteorite types containing
an indication of possible interclass relationships.
Vertical and/or horizontal alignments suggest similarities
between different classes (from Sears and Dodd, 1988).
Ordinary chondrites (LL,L,H), enstatite chondrites
(EH,EL), aubrites (aub), diogenites (dio), eucrites (euc),
howardites (how), ureilites (ure), shergottites/nahklites/
chassignites (SNC), anorthositic breccias (ano),
pallasites (pal), and mesosiderites (meso).
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Figure 1.2a Plots of the elemental abundances in the
solar photosphere vs. the carbonaceous (CI) chondrites
(top) and the achondritic eucrites (bottom). With the
exception of several highly volatile elements (e.g., the
rare gases and atmophiles) and Li (which is depleted in
the Sun by thermonuclear reactions), the abundances in CI
chondrites are very similar to those of the Sun while the
eucrites exhibit significantly depleted siderophiles and
chalcophiles (filled symbols) and enriched lithophiles
(open symbols); from Sears and Dodd (1988). See also
Anders and Grevesse (1989).
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Figure 1.2b Plot equivalent to fig. 1.2a, in this case
for the Allende (CV3) meteorite (which is quite similar to
Mokoia). As before, a majority of the nonvolatile
elements are seen to mimic their solar counterparts
(exceptions noted previously); from Wood (1985).
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in our Sun (figure 1.2), which contains well over 99% of

the total mass in our solar system. These chondrites

would therefore seem to represent pristine and

undifferentiated cosmic matter. The term "carbonaceous"

is a misnomer; it was used historically to identify

carbon-bearing meteorites and others which were inferred

as such based on their dark color, but in reality many

carbonaceous chondrites contain less carbon than other

non-carbonaceous meteorites (Kallemeyn and Wasson, 1981).

Of the four subtypes within this group, perhaps the most

interesting is the CV class due to the unique and

appreciable enrichments observed for the most refractory

siderophilic and lithophilic elements (figure 1.3).

Regardless of whether one believes that our solar system

started out as a hot cloud of dusty gas which

subsequently condensed or began cold and was later heated,

the most refractory-rich objects must certainly represent

the earliest-forming species or those which survived

evaporation (i.e., the residuum) and are therefore

manifestations of the oldest stable material in the solar

system.

1.2 Why study Mokoia?

The Mokoia meteorite (approximately 5 kg total) fell

at Taranaki on the North Island of New Zealand on the

afternoon of Nov. 26, 1908, and has since been classified

as belonging to the group CV3 (Graham et al., 1985);
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Figure 1.3a Si-normalized lithophiles compared to CI

chondrites (equivalent to unity) with volatilities
increasing from left to right. CV-type chondrites are

seen to exhibit the greatest refractory element
enrichments (from Wasson and Kallemeyn, 1988).
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Figure 1.3b Ni-normalized siderophile/chalcophile
abundances compared to CI chondrites with volatilities
increasing toward the right. Again, CV-type meteorites
have the highest refractory contents of all chondrites
(ibid.).
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n.b., the numerical designation here implies that this

chondrite is largely unaltered by any secondary processes,

such as thermal metamorphism or aqueous alteration, and is

therefore in its nearly pristine state (see figure 1.4).

Currently, Allende is the only CV3 meteorite which

has been studied extensively (primarily due to its large

volume -- approximately 4 tons) but, regrettably, this

object was subject to some modification(s) through minor

heating thereby mitigating its usefulness as a probe of

the early solar system. Conversely, Mokoia has undergone

significantly less minor alteration with respect to

Allende and should therefore be more instrumental in this

respect. Evidence to support this claim is found in

McSween (1977a) and includes the following: (a) the

degree of Fe-exchange between individual Allende

constituents is more advanced than that observed in

Mokoia, and (b) relative deficiencies in volatile water,

carbon and primordial rare gases (figure 1.5) are seen in

Allende. In addition, figure 1.6 shows that Mokoia

exhibits a broader range of olivine compositions while

Allende is limited to a more distinct composition toward

which it appears to be equilibrating.

Overall, the importance of studying CV3-type

meteorites for the purpose of obtaining information on the

early solar system is unequivocal, and the Mokoia

meteorite should prove an expedient choice for such

investigations.
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Figure 1.4 The types and degrees of potential alteration
experienced by chondritic meteorites; from McSween
(1979).
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Figure 1.5 Primordial rare gas concentrations in
Vigarano-type chondrites. The Mokoia meteorite (M) is
seen to be less depleted in volatile Ar, Kr and Xe with
respect to Allende (A) signifying an apparently lower
degree of metamorphic alteration in the former. See
McSween (1977a) for additional meteorite designations.
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Figure 1.6 Compositions of some CV-type matrix olivines
represented in mole percent of forsterite (Mg2SiO4), from
Peck (1983). The Mokoia chondrite exhibits a

significantly lower degree of interphase equilibration
with regards to the other meteorites (except Kaba),
thereby indicating its more primitive nature.
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1.3 Chondrules and Chondrites

Chondritic meteorites are broadly ultramafic in

composition and exhibit an aggregational texture which

consists chiefly of olivine, pyroxene and Ni-Fe metal

grains. They are so named due to the presence of mm-

sized, igneous-textured spheroids called chondrules (Greek

for "grain" or "seed") which are themselves composed

mainly of silicate minerals and glass and at one time in

their history were either completely or partially molten;

n.b., the reader may refer to Grossman et al. (1988) for

more thorough petrographic/mineralogic descriptions of

these objects in general, or to Cohen et al. (1983) with

regards to Mokoia chondrules in particular. Chondrules

may comprise anywhere from 30-70% of the total volume of

the host chondrite while up to 10% of the whole rock may

contain irregularly-shaped, silicon-poor/refractory-rich

mineral assemblages (e.g., spinel, melilite, etc.) known

as refractory or Ca,Al-rich inclusions (CAIs); e.g., see

Wasson (1985), table II-1 and Dodd (1981), table 3.4. The

remaining porous, fine-grained matter which encloses the

CAIs and chondrules is referred to as the chondrite

matrix; this material is made up primarily of micron to

submicron grains of anhydrous ferromagnesian silicates

with minor amounts of hydrous silicates, oxides, sulfides

and carbonaceous phases (see Scott et al., 1988).

Generally, CV3-type chondrules are slightly enriched
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Figure 1.7 Minor and trace elements in chondrules from
four of the major unequilibrated chondrite groups
normalized to Mg and CI chondrites. Lithophiles (left)

and siderophile/ chalcophiles (right) are arranged in
order of increasing volatility. The stippled pattern
bounds the range of >90% of the chondrules, the bold line
indicates the arithmetic mean, and the circles show the
host chondrite composition; note the enhanced refractory
lithophiles in CV3 (taken from Grossman et al., 1988).
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in refractory lithophiles (figure 1.7) and, although they

do not contain as much of these "early" elements as do the

CAIs, the coherent nature of the former readily

facilitates their complete separation and characterization

by INAA (such is not the case for the highly friable

CAIs). As a result, the present study will concentrate

exclusively on chondrules from the Mokoia meteorite in an

attempt to shed some light on the materials which were

present during their formation (i.e., within the nascent

solar system) as well as the local mechanics of this

formative process.

1.4 Proposed Mechanisms of Chondrule Formation

Detailed descriptions of current astrophysical

theories regarding the formation of our solar system, from

dust/gas cloud to condensed Sun and planets, are beyond

the scope of this thesis due to their often highly complex

mathematical derivations, inherent dissimilarities and

disparate initial assumptions. A simplified scenario is

presented below in order to provide a starting point for

the discussion of chondrule formation, but the reader is

referred to the following articles for more thorough

discourses regarding the theoretical nature and genesis of

our solar system: Cassen and Boss (1988), Boss (1988),

Wood (1988a,b), Wasson and Kallemeyn (1988), Sears (1988),

and Wood and Morfill (1988).

In very basic terms, many astrophysicists envision
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the solar system as originating from the gravitational

collapse of an interstellar cloud of cold gas (primarily H

and He at around 10K) and dust (submicron grains of

silicates, oxides, etc. mantled by HCNO-compounds). As

the original cloud most certainly contained some net

angular momentum, its collapse gave rise to a central core

(or protosun) surrounded by a spun-out disk known as the

"solar nebula", and recent nebular models predict that

midplane pressures were on the order of 10-7 to 10-5atm at

-3AU (Wood and Morfill, 1988). Gravitational potential

energy was converted into kinetic energy and heat, and the

increasing opacity of the core region allowed temperatures

to increase there until H-fusion was initiated. Solid

grains continued to fall into the Sun and nebular midplane

and further gravitational instability caused the latter to

break up into small (km-sized) bodies called

planetesimals. Subsequent planetesimal collisions and

accretions led to the formation of larger bodies (i.e.,

the terrestrial and Jovian planets) while material located

between 2.2AU and 3.5AU from the Sun (i.e., in the

present-day asteroid belt) never fully accreted. At this

point, it must be re-emphasized that the above scenario is

only crude and remains controversial, yet it should

adequately serve to set the stage for the following

discussion of chondrule genesis.

Two major schools of thought currently exist

regarding the formation of chondrules, and the settings
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for these various mechanisms are commonly referred to as

"planetary" or "nebular"; see table 1.1 for a compilation

of these theories with appropriate references. Planetary

settings suggest that chondrules were formed through some

means of volcanic activity or by impact and/or collision

induced melting, whereas nebular models envision the

creation of chondrules by direct condensation of liquids

from hot nebular gases or via melting of pre-existing

nebular solids which are subject to transient high-energy

events. No single theory presented to date is without its

flaws or inconsistencies, and therefore it is the intent

of the present study to investigate a large number of

Mokoia chondrules in an attempt to place some constraints

on these current hypotheses.

In addition to this uncertainty regarding chondrule

genesis, a great deal of viable information has been

obtained through theoretical calculations as well as

empirical observations of chondrules and experimental

chondrule analogs. For example, the initial temperature

of chondrule precursors just prior to melting must have

been less than about 600-650K, i.e., the temperature range

in which the primary FeS present in chondrules would have

begun to evaporate (Wasson and Kallemeyn, 1988; Grossman,

1988). These sulfides are often completely enclosed by

glass and/or clear crystals thereby precluding the

possibility of their being secondary or alteration phases

(ibid.); n.b., the presence of relict olivine and pyroxene
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Table 1.1a Proposed "planetary" chondrule formational
mechanisms, in chronological order, from Grossman (1988).

Body

Sun

Unknown

Mechanism Reference

Planetary, large
asteroids

Planetary

Asteroids, large
bodies

Planetesimals
(meter-sized)

Giant protoplanets

Planetesimals
(molten)

ejection from surface in
prominences

magmatismkolcanism

magmatismlvolcanism

metamorphism

impact melting

melting during
collisions

condensation of droplets
in atmospheres

splashing in collisions

Sorby 1877.

Tschermak 1883; Borgstrom
1904; Merrill 1920,
1921.

Ringwood 1959; Fred-
riksson and Ringwood
1963.

Fermor 1938; Mason 1960.

Urey and Craig 1953;
Fredriksson 1963; Urey
1967; Wlotzka 1969;
Dodd 1971.

Wasson 1972; Kieffer 1975.

Podolak and Cameron 1974.

Zook 1980, 1981; Leitch
and Smith 1982.
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Table 1.1b Proposed "nebular" chondrule formational
mechanisms (ibid.).

Precursor
Material Energy Source Assumptions Reference

Gas

Gas

Gas

Gas

Gas

hot nebula

hot nebula

hot nebula

hot nebula

hot nebula

Condensation Models

"constrained
equilibrium"

high dust/gas ratio

hydrogen depletion

Secondary Melting Models
Nebular dust lightning turbulent nebula

Nebular dust radiational heat T-Tauri phase of Sun
in solar
events

Nebular dust relativistic reconnecting mag-
electrons netic fields

Interstellar chemical
grains energy

Nebular dust lightning

Interstellar frictional heat
grains

large clumps of
amorphous inter-
stellar solids

differential rotation of
stratified nebula

large clumps falling
into nebula

Suess 1949.

Wood 1962.

Blander and Katz 1967.

Wood and McSween 1976.

Herndon and Suess 1977.

Whipple 1966; Cameron
1966.

Herbig 1978.

Sonett 1979.

D. Clayton 1980.

Rasmussen and Wasson
1982.

Wood 1983, 1984.
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grains in chondrules (which somehow survived the melting

process), in addition to the sulfides mentioned above,

would appear to preclude the formation of "liquid"

chondrules by direct condensation from a hot nebular gas.

Few observed chondrules were melted completely and

most were less than about 80% melted (ibid.). By virtue

of the existence of relict phases and from studies of

volatile loss upon chondrule heating (e.g., Tsuchijama et

al., 1981), it is clear that the high temperature event

responsible for chondrule formation must have been rather

short. Dynamic crystallization experiments on chondrule-

type melts (Lofgren, 1989; Hewins, 1988; Lofgren and

Russell, 1986) have established the need for pre-existing

heterogeneous nuclei to produce the observed chondrule

textures and mineralogies. Hence, chondrule temperatures

could not have exceeded the associated liquidi for more

than a few tens of minutes (if at all), and a temperature

range for olivine- and pyroxene-rich melts was determined

by Lofgren (1989) to be approximately 1475-1600 degrees C.

Wood (1988b) has suggested that heating/melting times

probably never exceeded one hour, thereby precluding

significant vaporization of any major phases; e.g., table

1.2 indicates that at the projected melting temperatures

both olivine and pyroxene would be volatile and,

consequently, susceptible to loss.

Experimentation has also placed constraints on the

rates at which chondrules cooled in order to produce the
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Table 1.2 The equilibrium condensation sequence according
to Wood (1988b).

Temperature'
(K)

Mineral

1758 (1513)
1647 (1393)
1625 (1450)
1513 (1362)
1471

1450
1444

1362
1349

<1000'

<1000'

700
405

Corundum, A1203
Perovskite, CaTiO3
Melilite, Ca2Al2Si07-Ca2MgSi207
Spinel, MgAl2O4
Fe,Ni metal
Diopside, CaMgSi2O6
Forstdrite, Mg2SiO4
Anorthite, Ca Al2Si208
Enstatite, MgSiO3
Alkali-bearing feldspar,

(Na,K)AlSi308-CaAl2Si208
Ferrous olivines, pyroxenes;

(Mg,Fe)2SiO4, (Mg,Fe)SiO3
Troilite, FeS
Magnetite, Fe304

' Major minerals that would condense from a gas having the
cosmic proportions of chemical elements and a pressure of 10-3
atm (Grossman 1972, Fuchs et al 1973, Dodd 1981).

b In most cases, temperature at which condensation or reaction
begins in a cooling system. At temperature in parentheses, reac-
tion has completely used up the phase and converted it into other
minerals.

`Temperatures at which substantial amounts of alkalis are
incorporated by plagioclase and Fe2+ by mafic minerals.
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observed textures and mineral zonations in natural

samples. Based on olivine chondrule analogs, Hewins

(1988) has determined that such objects experienced

cooling rates restricted to the range between 100 and 2000

degrees C per hour with 1000 degrees C/hr representing a

reasonable average rate. In a related study with regards

to phenocryst sizes and shapes, Lofgren (1989) has claimed

that such rates are actually on the order of 100 degrees

C/hr and certainly less than 1000 degrees C/hr. Evidence

for such rapid cooling (or undercooling) includes the

presence of needle-like or skeletal crystals of olivine

and/or pyroxene, dendrites within the mesostasis of

porphyritic chondrules, isotropic glass, and SiO2 -rich

glass co-existing with olivine (Grossman et al., 1988).

In either case, chondrule melts would have cooled through

their crystallization range within a few minutes to a few

hours, which is considerably less than that expected for

mm-sized spheres freely radiating into space (around

10 6K/hr). As it is quite doubtful that these objects

could traverse a zone fast enough to satisfy the observed

cooling rates (e.g., a scenario in which chondrules are

quickly swept from a hot region into a much cooler one),

the need for some form of "thermal bath" is apparent.

Lofgren (1989) and Grossman (1988) have suggested that

a high chondrule density may be sufficient to retard

the rate of radiative cooling by increasing the local

opacity. Possible evidence for such an environment
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includes the common existence of large pits in isolated

chondrules which may have resulted from interchondrule

impacts while they were still in a semiplastic state.

Additionally, although multiple or "coupled" chondrules

are rare in carbonaceous chondrites, they are not

unheard of (McSween, 1977b). In any case, the above

results seem to preclude either of the aforementioned

condensation models, for such would be difficult or

impossible to reconcile with the experimentally

observed cooling rates.

The formation of meteoritic chondrules by high-

velocity impacts on planetary or asteroidal surfaces also

seems highly unlikely (see Wood, 1988b, and references

therein) as evidenced by the notable paucity of chondrule-

like objects on the lunar surface (which certainly

experienced repeated impacts), in addition to the absence

of any chondrules less than about 4.4 Ga old (while

significant bombardment is known to have occurred

throughout the inner solar system after this time).

Furthermore, the complete lack of any gross fragments of

suitable target rocks among the many hundreds of

meteorites studied would seem to argue strongly against

most of the proposed planetary settings for chondrule

formation.

At this juncture, it appears most likely that

chondrules were created in a nebular setting in which some
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pervasive, dynamic, and energetic mechanism(s) operated

(continuously or intermittently) within a region enriched

in interstellar dust (e.g., the nebular midplane), thereby

giving rise to this abundant chondrite constituent. Any

variability (temporal or spatial) in this phenomenon and

the materials upon which it acted could be responsible for

the dissimilarities observed between the different

chondritic subtypes.

1.5 The Importance of "Non-ordinary" Chondrules

While a great number of meteoriticists today believe

that in order to better understand the nature of chondrule

genesis one must concentrate exclusively on "normal"

objects, the author has purposefully searched for unusual

and non-ordinary specimens. Although these chondrules

were perhaps created under different circumstances or from

different precursor materials, they will certainly provide

enlightenment regarding specific aspects of chondrule

genesis (G.J. Wasserburg, personal communication) and

should, at any rate, help to establish constraints with

regard to the aforementioned theories. We now turn to

the Mokoia meteorite for such enlightenment.
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2. EXPERIMENTAL

2.1 Sample Preparation and Characterization

Three separate samples of Mokoia totaling

approximately 8.6g were obtained from Dr. Carleton Moore

at the Center for Meteorite Studies (Arizona State

University) and Dr. Sundar Rajan from the Division of

Geological and Planetary Sciences at California Institute

of Technology. An additional sample of unspecified size

was brought to Oregon State University by Dr. Roman

Schmitt from the General Atomic Division of the General

Dynamics Corporation around 25 years ago, and was

previously dissected by Mr. Richard Smith.

All samples were similar in general appearance and

habit and may be described as follows: uniformly dark

gray in color and exhibiting fresh (i.e., unaltered and

non-fused) surfaces of only moderate coherency as

manifested by the remarkable sample friability and ease of

chondrule extraction.

Embedded chondrules and other coherent inclusions

were removed from the samples by gentle scraping and

carving with stainless steel surgical and dental tools

under a binocular microscope. Virtually all of these

objects were black, with dull to shiny (somewhat

iridescent) surfaces, and had shapes ranging from

spherical to ellipsoidal to irregular (or combinations of

these); such observations are similar to those of Schmitt
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et al. (1965) on Mokoia chondrules. In order to minimize

contamination, most of the adhering matrix was removed by

gentle scraping with a sharp blade and/or rolling the

objects between sheets of clean filter paper.

The resulting objects totaled in the hundreds, but

only 94 of these were chosen for further study based on

the most widely-accepted criterion for chondrule

identification: that they show some evidence of having

once been completely or partially molten, as manifested

(among other characteristics) by the retention of a

circular outline along some portion of the original

surface (see, e.g., Grossman and Wasson, 1983; Hutchison

and Bevan, 1983; Dodd, 1982; MacPherson and Grossman,

1982; and King and King, 1978). Clearly, the use of this

lone criterion has most probably led to the exclusion of

many "true" chondrules from this study, in addition to the

inclusion of some "non-chondrules" (Cohen, et al., 1983),

and it is understood that any future investigations of

these separates should include petrographic

characterization (e.g., Grossman and Wasson, 1983). Yet,

due to the limitations placed on this study, only outward

morphology was used to determine which objects would be

retained for further observation, and it is hoped that the

large size of the resulting data set will serve to

mitigate any inherent sampling biases. In addition, only

whole or nearly-whole chondrules were studied (for

completeness) in the event that petrography
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became necessary in the future; Rubin and Wasson (1988)

have suggested that this criterion may lead to an

inadvertent bias against friable chondrules (also alluded

to by Osborn et al., 1973).

Finally, all chondrules were weighed on a suitable

micro-balance (to within +/- 0.001mg) , and three

orthogonal dimensions were measured under a binocular

microscope (to within +/- 0.1mm) in order to determine

individual sample volumes.

2.2 Instrumental Neutron Activation Analysis (INAA)

Kallemeyn (1988) briefly discusses a number of

current analytical techniques which are commonly used in

the study of chondritic materials, and suggests that INAA

is superior largely due to its non-destructive nature, the

low detection limits associated with most elements (see

also Laul, 1979), its particular suitability in the

analyses of very small samples (e.g., < lmg), and the

fact that only limited sample handling is required. Of

these factors, perhaps the most important one is that INAA

leaves each sample whole and undisturbed (despite the

radioactivity), thereby allowing subsequent investigations

by such techniques as electron-probe microanalysis (EPMA)

and petrography which would be considerably less effective

were the samples incomplete or altered in some manner.

All activations were performed in the Oregon State

University (OSU) 1MW TRIGA reactor and the University of
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Missouri's 10MW high-flux reactor. The basic technique,

as set forth by Laul (1979), was followed except for the

additional use of low-energy (< 300 keV) planar detectors

(LEPDs) in order to minimize interference and thereby

enhance the sensitivity for some elements, e.g., Ce via

32.5d 14 1L-e (145.4 keV) and Nd via 11.0d 147Nd (91.1 keV).

The general activation and counting schedule is summarized

in table 2.1 where it can be seen that the procedure

involves two separate activations (the first for short-

lived radionuclides, and the second for longer-lived

species) followed by multiple/sequential sample counts

(table after Liu, 1989); n.b., many of the shorter-lived

nuclides produced in the University of Missouri

activations (see counts II-1 and 11-2 in table 2.1) are

significantly decayed and may be unavailable for detection

due to the unavoidable loss of time during transfer to the

OSU Radiation Center.

Samples and standards were encapsulated in clean

polyethylene vials for the initial activations and

subsequently transferred to new (i.e., unirradiated)

containers prior to counting. For the second runs, all

samples and associated standards were sealed in high-

purity quartz tubes, wrapped securely in aluminum foil and

sent to the University of Missouri for extended, high-flux

activations (polyethylene is inappropriate in this case

due to its inability to withstand the higher radiation

field and temperatures experienced therein). Upon return,
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Table 2.1 General activation and counting schedule for
INAA.

Activation
parameters Nuclide t 1/2 E(keV) Det.*

Decay Count
time time

I. thermal 51Ti 5.76 m 320.1 G Count 1
neutron flux 27Mg 9.46 m 1014.4 G 10 min.

52V 3.75 m 1434.1 G
= 9x1012 28 A1 2.24 m 1779.0 G 300s
(n/s*cm 2 ), 49Ca
for 10 min.

165Dy

8.72

2.35

m

h

3084.4

94.7

G

L Count 2
56Mn 2.58 h 846.8 G 2h
24Na 15.0 h 1368.5 G 1000s
42K 12.4 h 1524.6 G

II. thermal 165Dy 2.35 h 94.7 L Count 1
neutron flux 152mEu 9.32 h 121.8 L 2h

56Mn 2.58 h 846.8 G 1800s
= 8x1013 24Na 15.0 h 1368.5 G
(n/s*cm2 ), 42K

for 102 h.
(U of M) Ho

12.4

26.8

h

h

1524.6

80.6

G

L Count 2
69166m Zn 13.8 h 438.6 G 8h

OR 76As 26.3 h 559.1 G 8000s
72Ga 14.1 h 834.0 G

= 1x1013
(n/s*cm 2 ), 153Sm 46.7 h 103.2 L Count 3
for 12 h. 198Au 2.70 d 411.8 G 40h

(OSU) 82Br 35.3 h 776.5 14000s
140La 40.3 h 1596.5

147Nd 11.1 d 91.1 L Count 4
191Os 15.4 d 129.4 L 7d
186Re 3.78 d 137.2 40000s
177 Lu 6.7 d 208.4
175Yb 4.2 d 396.3

170Tm 129 d 84.3 L Count 5
(Th) 233Pa 27.0 d 98.4 L 30d

181Hf 42.4 d 133.0 L
141ce 32.5 d 145.4 L 40000-
75Se 120 d 264.4 G 80000s
1921r 73.8 d 316.5 G
51Cr 27.7 d 320.4 G
103Ru 39.25 d 497.1 G

(Ni) 58Co 70.9 d 810.8 G
160Tb 72.1 d 879.3 G
46Sc 83.8 d 889.2 G
59Fe 44.5 d 1099.3 G
60c0 5.27 y 1173.2 G

*Detector designations: G = Ge(Li), L = LEPD.
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each sample was removed from its quartz tube and

transferred to a clean polyethylene vial for counting;

this final step was necessary to eliminate any fission-

product contamination which may have been implanted in the

quartz containers from naturally-occurring uranium in the

surrounding aluminum foil (Korotev, 1988).

Both internal and external standards were utilized in

this study to ensure accuracy, and are as follows: (a)

ALLENDE (split 11, position 7; Smithsonian Institution),

(b) BHVO (Basalt, Hawaiian Volcanic Observatory, U.S.

Geological Survey), and (c) JB-1 (Japanese Basalt,

Geological Survey of Japan). All data were reduced by

utilizing an "in-house" software program known as PEAKGR3

(created by Matt Grismer and revised by Dr. Scott Hughes),

which compares sample spectra with an existing nuclide

library (for qualitative element identification) as well

as the aforementioned standard spectra (for quantitative

determination). The program calculated "one-sigma"

precision values for each elemental analysis (based on

spectral peak-to-background relationships), and any result

which exhibited a relative counting error >30% was

rejected (n.b., "one-sigma" implies -32% uncertainty, yet

a conservative value of 30% was chosen here while assuming

that errors associated with sample counting were the only

significant contributors to the overall analytical error).

Elemental results are tabulated in table A.1 (see

Appendix).
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3. STATISTICAL AND EXPLORATORY DATA ANALYSES

3.1 Introduction

The results of the statistical investigations of

Mokoia chondrules are presented here without regard for

previous studies on these or other similar objects;

comparative discussions will be reserved for the following

chapter. The reader should refer to the text by Kachigan

(1982), which concentrates on the conceptual nature (rather

than the rigorous mathematics) of many of the statistical

techniques used in this study for a thorough discussion of

these methods. All data were obtained through the use of

the statistical software package STATGRAPHICS (v4.0) which

is a registered trademark of the Statistical Graphics

Corporation. Individual results for the following will be

presented below: summary statistics, frequency

distributions and their nature, potential outliers,

interelement correlations, and factor analysis.

3.2 Summary Statistics

Table 3.1 summarizes the results from the analyses of

the chondrule masses, their size characteristics (i.e.,

volume, maximum and average dimensions), and a total of 24

major, minor and trace elements (n.b., throughout this

study all individual analytical results were assigned

equal weightings, i.e., values of unity). A few of the

individual statistical parameters are discussed below.
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Table 3.1 Mokoia chc

La Sm Eu

) (ppm) (ppm) (ppm)

90 91 89

0.7 0.49 0.20

0.5 0.40 0.19

0.5 0.28 0.20

0.5 0.41 0.18

0.3 0.15 0.01

0.6 0.39 0.09

0.1 0.09 0.04

4.1 2.53 0.60

4.0 2.44 0.56

0.4 0.29 0.14

0.7 0.54 0.26

0.3 0.25 0.12

3.75 3.41 1.23

17.82 14.00 2.81



Table 3.1 (continue

Os
(ppm)

phi
;ave.)

phi
(max.)

47 87 87

0.57 -0.08 -0.24

0.43 -0.18 -0.38

0.25 -0.18 -0.58

0.44

0.17 0.42 0.44

0.42 0.65 0.66

0.04 0.3 1.3

2.12 -1.3 -1.4

2.08 2.6 2.7

0.25 3.51 0.32

0.78 -0.58 -0.58

0.53 1.09 0.90

1.44 3.13 0.22

2.76 -0.84 -0.82

32
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The average, median, mode and geometric mean are each

measures of central tendency, but because of the

distinctly "non-normal" distributions found for most of

the variables (see below) the geometric mean is the

recommended parameter for characterizing this phenomenon.

Variance, standard deviation, range and interquartile

range indicate the degree of spread or dispersion of each

variable; a divisor of (n - 1) was used in the

determination of the variance and standard deviation in

order to mitigate the relatively small number of samples.

Skewness is a measure of the "asymmetry" of the

distribution. It is standardized in such a way that a

value greater than unity implies that the upper tail of

the curve is longer than the lower tail, while a negative

value suggests the opposite. Kurtosis reveals how flat or

steep the distribution is with respect to a Gaussian or

normal curve, the latter of which is assigned a kurtosis

value of zero A positive value signifies a curve that is

either very steep at its center or has relatively long

tails, and a value less than zero indicates that the curve

is flat with short tails.

Such numerical parameters are critical for the

quantitative description of any distribution and many of

these values are necessary for further, advanced studies

of multivariable data sets (as, e.g., in factor analysis).

In exploratory data analysis, however, a "visual" display

of a variable's distribution is considerably more
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instructive, and these qualitative representations will be

addressed next.

3.3 Frequency Distributions

The most efficient and easily visualized method of

displaying a set of observations is that which utilizes a

histogram. This procedure divides the data values into a

set of non-overlapping intervals of equal width, and plots

bars for each interval such that the height of the bars

are proportional to the number of observations in that

interval.

After obtaining a frequency histogram for a specific

variable, one may wish to determine how closely the data

matches a more "common" distribution such as a normal or

lognormal curve. This is often done by applying a "chi-

square" test which compares the observed frequencies with

those expected from the specified distribution (e.g., a

Gaussian curve), which is itself calculated from the mean

and standard deviation of the actual data. The resulting

parameter (the "significance level" of the chi-square

statistic) is a measure of how closely the data fits the

specified curve, and a value of unity implies a perfect

fit.

Frequency distributions for chondrule mass and size,

and the 24 elements analyzed in this study may be found in

Appendix figure A.1 where the best-fitting normal or

lognormal curve (based on the resulting significance
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level) is plotted with the data in order to check for

conformity. The appropriate chi-square significance

levels are listed in table 3.2 (n.b., the behavior of the

variables studied may, in actuality, follow neither of

these common distributions, and no a priori information

available to the author suggests that these are the only

possibilities). In all cases, the computer-generated

default settings were used to fit the distribution (i.e.,

upper and lower distribution limits, mean and standard

deviation, total number of intervals) in an attempt to

maintain continuity. It should be noted that the nature

of the individual distribution (and its fitted curve) are

a direct function of the choice of these defaults, yet the

qualitative results will not be significantly altered if

other, similarly suitable, values are substituted in their

stead.

As seen in Appendix figure A.1, the chondrule mass

data clearly mimic a lognormal distribution (also

evidenced by the very high level of significance, see

table 3.2). Conversely, chondrule sizes do not appear to

follow any common frequency distribution (a Gaussian fit

was attempted), although a bimodal or trimodal behavior is

suggested by the potential maxima near -1.2, -0.5 and

+0.5. One might argue that chondrule sizes were not

sampled sufficiently, leading to partial and irregular

results, but this hardly seems credible when the

associated mass data are seen to form such a nearly
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Table 3.2 Significance levels for the chi-square
statistic.

variable
normal

distribution
lognormal

distribution

mass
phi (ave.)
phi (max.)

0
0.24
0.01

0.97
n.d.*

titanium 0 0.83
aluminum 0 0.27
iron 0.01 0.36
magnesium 0.74 0.02
calcium 0 0.66
sodium 0 0.24
manganese 0 0

vanadium 0 0.09
scandium 0 0.05
lanthanum 0 0.26
samarium 0 0.10
europium 0.03 0.36
ytterbium 0.05 0.12
lutetium 0 0

nickel 0 0

chromium 0.02 0.52
cobalt 0 0

gallium 0 n.d.**
selenium 0 0.50
bromine 0 0.24
iridium 0 0

gold 0 0.07
holmium 0 0.10
osmium 0 0.28

*negative phi values prevent chi-square test for lognormal curve.
**insufficient degrees of freedom to perform chi-square test for

lognormal curve.
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complete spectrum. It is uncertain at this point what

solar system phenomenon could have led to these results

(although gravitational settling to the nebular midplane

and/or some means of aerodynamic modification are

suspected) but it appears likely that, whatever the

mechanism was, it had to have acted primarily upon the

objects' mass (with chondrule size playing only a minor or

secondary role, if any).

Aside from two notable exceptions, all the elemental

frequency distributions appear to match lognormal curves

to a first-order approximation. The fitted curves become

even more appealing when one considers the fact that some

analytical error is associated with each variable and the

individual bar heights will, therefore, vary to some

degree. The potential exceptions to this lognormal

behavior are Mg and Co, both of which seem to exhibit

possible Gaussian-like distributions. These "anomalies"

could be the result of incomplete sampling of the element

during (or previous to) chondrule formation, or they may

represent the effects of some secondary alteration

phenomenon, but the seemingly well-behaved nature of the

remaining elements (many of which exhibit similar

geochemical and cosmochemical affinities as Mg and Co)

suggests that the latter also follow lognormal

distributions and that this would have been manifested by

a larger sample population.

Summarily, the results of this study indicate that
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lognormal behavior is the rule when considering chondrule

element frequency distributions, and it would be logical

to extend this claim even to those elements which were not

analyzed here by INAA. Consequently, any mechanism(s)

offered to describe the formation of chondrules, and/or

any suggested chondrule precursor material(s), must be

prepared to support or explain this prevalent lognormal

behavior and any hypotheses which fail at this task must

be disregarded as inadequate.

3.4 Potential Outliers

A "box-and-whisker" plot (e.g., Hoaglin and Velleman,

1981 and Tukey, 1977) provides another means of displaying

the distribution of a variable (albeit with considerably

less detail than is found in a histogram), yet the added

advantage to these plots lies in their ability to identify,

outlying samples in an asymmetric distribution (refer to

Appendix figure A.2). A box is formed such that it

extends from the lower quartile to the upper quartile

(these are also known as "hinges") with an inner line

denoting the sample median; the difference between the

former values is referred to as the variable's "H-spread"

or interquartile range. A "step" is calculated as (1.5 x

the variable's H-spread), and an "inner fence" is then

located one step outside the hinges while an "outer fence"

is found two steps from each hinge. Finally, "whiskers"

extend from the box edges to the outermost data points
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which do not exceed the inner fences (i.e., the extremes),

and any samples which fall outside of the inner and outer

fences are identified as outliers and far-outliers,

respectively.

Box-and-whisker plots were investigated in order to

determine whether or not the prevalent asymmetric behavior

of most of the elements studied was due to only a few

select (i.e., anomalous) chondrules or if it was truly a

function of the total population. Appendix figure A.2

presents the individual plots for each element which

exhibited one or more outliers, and specific sample

numbers have been added to these for clarification. In

addition, table 3.3 lists the individual chondrules and

the outlying elements associated with each sample.

Because 40% of the total chondrule population is

represented in table 3.3, it is reasonable to conclude

that the aforementioned lognormal behavior is, in

actuality, a function of the entire sample set, and that

the positive skew manifested by the elemental frequency

distributions is not simply the result of a few "unusual"

chondrules. On the other hand, it is also clear from

table 3.3 that such unusual samples do exist, and at least

four chondrules appear to warrant further study due to

their abnormally large number of outlying elements

(namely: 59, 10A, 11C and 14C). The latter three samples

are found to contain relatively high concentrations of

both refractory and volatile lithophile elements, and they
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Table 3.3 Summary of Mokoia chondrule outliers.

sample number elements

5 Mn*
13 Ga
16 Ni*
29 Au*

31/32 Mn*
36 Mn*
38 Ir
46 Au*
59 Mg#,Fe*,Ir*,Au*,Co*,Cr*,Ni*,Ga*,Se*
70 Mn*
80 Br*
82 Ir
95 Mn,Fe
98 Na,Br*
100 Mn*,Cr*
2A V,Mn*,Cr*
6A Al,V,Yb
8A Sc
9A Sc
10A Ca,Eu,Yb,Na*,A1*,V*,La*,Sm*
11A Se,Au*
12A La
14A A1,La,Sm
17A Mn,La,Na*
20A Au
23A Sc,V,Ga
24A Au
25A Ga*,Br*
2C Ir
5C Ga*
7C Ga,Os,Ir*
8C Ti
9C Au,Br

11C Na,Ca,A1*,V*,La*,Sm*
12C Mn*,Cr*
14C Ca,A1*,V*,La*,Sm*
17C V,Au*
18C Sc,Yb,V*

* denotes far-outlier.
# indicates low-lying outlier.
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are characteristically Ca-,A1-, and REE-enriched.

Chondrule 59 is unique in that it contains only a minor

amount of silicate material (as evidenced by the low Mg-

content) and is relatively enriched in siderophiles and

chalcophiles, which suggests that it is some type of

metal-sulfide complex.

3.5 Intervariable Correlations

As noted in Kachigan (1982), correlation analysis is

a study of the relationships that exist between randomly

sampled variables, and it includes the identification and

summary of such relationships. This summary is in the

form of a square, symmetric matrix comprised of

"correlation coefficients" (labeled as "r") which indicate

the extent of any systematic linear association between

each pair of variables; an r-value equal to +1.0 (-1.0)

implies a perfect positive (negative) linear relationship,

whereas r=0 suggests a complete lack of correlation

between the variables in question. Additionally, the

quantity "r2" indicates the proportion of variance in one

variable that is attributable to a second variable.

No causal interpretations can be safely made on the

basis of these results due to the potential existence of

"confounding variables" (see below), yet this technique

serves as a powerful descriptive and hypothesis-generating

(i.e., heuristic) tool. As a consequence, this type of

analysis may not explain "why" certain variables covary,
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but it does suggest "how", and this allows the

investigator to make behavioral predictions, draw

comparisons to other systems, and suggest likely genetic

mechanisms.

Correlation analysis normally presumes that all

random variables exhibit near-Gaussian distributions, but

"non-parametric" methods exist which make no assumptions

as to these underlying distributions. Due to the

prevalent lognormal behavior of the variables in this

study (recall section 3.3), a non-parametric technique was

utilized here and "rank correlation coefficients" were

subsequently determined (ibid., STATGRAPHICS manual). The

resulting correlation matrix (see table 3.4) was analyzed

and a number of x-y plots for specific variable pairs with

relatively significant correlation coefficients were

examined in some detail.

The strongest correlations are found between Ca and

Al (r = 0.90), Al and Sc (r = 0.80), Al and La (r = 0.85),

Sm and Al (r = 0.92), Ca and Sm (r = 0.80), Sc and Sm (r =

0.81), La and Sm (r = 0.90), Yb and Sm (r = 0.80), Fe and

Co (r = 0.81), Ni and Co (r = 0.87), and Os and Ir (r =

0.84). Two dominant "groups" of elements are suggested by

the overall results of the correlation analysis: [Ca, Al,

Ti, Na(?), Sc, REE] and [Fe, Ni, Co, Se]. In a

geochemical sense, these results suggest that the former

group is composed entirely of "common" lithophiles while

the latter seems to represent some strong chalcophile-
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Table 3.4 Mokoia ch

Ti

Al

Fe

Mg

Ca

Na

Mn

V

Sc

La

Sm

Eu

Yb

Lu

Ni

Cr

Co

Ga Se

Se 1.00 Br

Br 0.09 1.00 Ir

Ir 0.20 0.12 1.00 Au

Au 0.37 0.17 0.45 1.00 Ho

Ho -0.20 -0.15 0.32 0.26 1.00 Os

Os 0.13 -0.03 0.84 0.12 0.20 1.00 mass

mas! -0.23 0.02 0.23 0.22 0.29 -0.31 1.00
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siderophile interrelationship, which is confirmed by

factor analysis in the following section. Three-

dimensional plots (see figure 3.1) further support of

these claims, although one must not ignore the possible

effects of confounding variables and, therefore, such

diagrams should be taken cum grano salis (e.g., a pseudo-

AB correlation might simply be the result of simultaneous

AC-BC relations).

As an aside, it can be seen from the Ni-Se-Co-Fe

plots (see figures 3.1 and 5.5) that samples 59 and 16 are

clear outliers in terms of sample groupings and overall

trends which indicates that these objects must have been

subject to considerably different processes, or were

formed from relatively unique parent materials, with

respect to the remaining chondrules. Conversely, the

Co/Se and Fe/Co,Se plots (figure 5.5) suggest that these

samples do follow the bulk trend. It would seem,

therefore, that the data available for these objects leads

to some ambiguity. Hence, these unusual objects (and

others equally distinctive) certainly warrant additional

study, since even "non-ordinary" chondrules should serve

to provide further enlightenment and help to place

constraints on solar system formational history.

Another important conclusion which can be drawn from

this study stems from the correlation between chondrule

mass and volume (refer to figure 3.2). Mokoia chondrules

are seen to have an average density of 2.84 g/cm3 and,
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Figure 3.1 Three-dimensional plots for selected elements.
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Figure 3.1 (continued).
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since these two variables are so strongly related (i.e.,

since density is reasonably constant), mass may be

considered an adequate indicator of chondrule size (at

least in the case of Mokoia).

Summarily, correlation analysis has: (1) led to the

identification of two major elemental groups associated

with Mokoia chondrules (which could have some bearing on

prospective formational mechanism(s) and/or precursor

materials), (2) it has described numerous interelement

relationships that may, in turn, be compared with other

similar studies in the hopes of elucidating chondrule

history, (3) it has provided important information

regarding mass/size interchangeability and chondrule

density, and (4) it has confirmed the existence of at

least two unique objects in which further investigation is

justified.

3.6 Factor Analysis

Factor analysis is an invaluable exploratory tool

which effectively identifies and extracts any

"redundancies" associated with a large set of correlated

variables. This is done by analyzing a correlation matrix

and finding those variables which are highly correlated

with each other (yet have low correlations with other

variables), and then combines these into a set of

"derived" variables known as "factors". Such factors, or

groupings of similar variables, may be thought of loosely
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Figure 3.2 Mass/volume correlation plot.
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as manifestations of abstract, underlying dimensions which

contain considerably more information than the individual

variables studied separately.

The computer-derived factors are determined such that

the first one explains the greatest amount of variance in

the total data set, while the second accounts for the next

largest amount of variability and is completely

uncorrelated with the first (i.e., when plotted as axes in

n-dimensional space, such factors will be orthogonal to

each other). Subsequently-obtained factors describe

smaller and smaller fractions of the total data while

maintaining orthogonality with all previous factors. In

the present investigation, the end result of this

procedure will be the identification of a select number of

factors which will, in turn, be utilized in an attempt to

identify likely chondrule precursor materials and shed

some light on solar system and/or chondrule formational

history.

The initial output from the factor analysis procedure

is a list of "eigenvalues", such as that found in table

3.5 (there are 25 in this case, one for each original

variable). The magnitude of each eigenvalue is an

indication of the amount of variance represented by the

associated factor; e.g., factor 1 accounts for as much

variance in the total data set as 8.39 of the original

variables would have (on the average). Table 3.5 also

identifies the relative percent of variance for each
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Table 3.5 Eigenvalues from factor analysis.

factor eigenvalue
percent
variance

cumulative
percent.

1* 8.39 33.3 33.3
2* 4.57 18.1 51.5
3* 2.55 10.1 61.6
4* 2.05 8.1 69.7
5* 1.39 5.5 75.2
6* 1.06 4.2 79.5
7 0.80 3.2 82.6
8 0.64 2.5 85.2
9 0.58 2.3 87.5

10 0.54 2.1 39.6
11 0.44 1.7 91.3
12 0.40 1.6 92.9
13 0.33 1.3 94.2
14 0.29 1.2 95.3
15 0.27 1.1 96.4
16 0.22 0.9 97.3
17 0.20 0.8 98.1
18 0.14 0.6 98.7
19 0.10 0.4 99.1
20 0.08 0.3 99.4
21 0.06 0.3 99.6
22 0.05 0.2 99.8
23 0.03 0.1 100.0
24 0.01 0.0 100.0
25 -0.19 0.0 100.0

*retained factors.
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factor, as well as their cumulative contributions. In

order to simplify the data, only those factors which

individually account for more variance than a single

original variable will be retained (i.e., the first six

factors in table 3.5 with eigenvalues exceeding unity).

Next, a factor matrix is produced (table 3.6) in

which the rows are composed of the original variables and

the columns represent the selected factors. Cell entries

are referred to as "factor loadings" and indicate the

extent to which each original variable contributes to the

meaning of the individual factors; in other words, each

loading represents a correlation coefficient between a

factor and an original variable.

Finally, a factor/axis "rotation" is performed in n-

dimensional space which causes the loadings to be either

very high (approaching +/- 1.0) or very low (near 0). The

resulting elimination of most intermediate loadings is

expected to aid in the interpretation of the selected

factors by emphasizing only the strongest and weakest

variable contributions (refer to table 3.7). Many types

of axes-rotation algorithms exist, but the common

"varimax" method was utilized in this procedure such that

100 iterations and/or a convergence criterion of 1E-5 were

met.

Factor 1 in table 3.7 is composed entirely of major

and trace lithophilic elements (recall section 3.5);

specifically, it is composed of Al, Sm, La, Ca, Yb, Sc,
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Table 3.6 Preliminary factor matrix.

factors
variable 1 2 3 4 5 6

Ti 0.70 0.16 0.20 -0.02 0.30 -0.22
Al 0.93 0.07 -0.05 -0.19 0.06 -0.04
Fe -0.09 -0.84 0.22 -0.18 0.04 -0.07
Mg -0.28 0.67 0.12 0.52 0.06 -0.17
Ca 0.85 -0.11 -0.16 -0.19 0.20 0.06
Na 0.61 0.25 0.25 -0.38 -0.08 0.18
Mn 0.13 0.02 0.35 -0.64 -0.38 0.22
V 0.63 0.22 -0.07 0.29 0.05 -0.32
Sc 0.83 0.18 -0.20 0.06 -0.15 -0.09
La 0.88 0.00 -0.04 -0.18 -0.09 -0.01
Sm 0.93 0.03 -0.02 -0.13 0.00 -0.06
Eu 0.76 -0.09 0.23 0.00 0.07 -0.23
Yb 0.86 -0.08 0.10 -0.13 0.17 0.05
Lu 0.75 0.00 0.19 0.30 -0.15 0.17
Ni -0.06 -0.85 0.06 0.08 0.09 -0.23
Cr 0.06 -0.08 0.67 -0.07 -0.51 0.00
Co -0.10 -0.94 0.10 0.12 0.02 -0.19
Ga 0.18 -0.52 -0.61 0.08 -0.21 0.17
Se -0.12 -0.65 0.59 0.12 -0.08 -0.11
Br 0.07 -0.42 -0.09 -0.26 0.70 0.31
Ir 0.53 -0.48 0.00 0.57 -0.07 0.38
Au 0.31 -0.61 0.01 0.15 -0.07 -0.11
Ho 0.71 0.01 -0.36 0.12 -0.24 -0.29
Os 0.53 0.10 0.37 0.63 0.05 0.46

mass 0.03 -0.34 -0.80 -0.05 -0.37 0.12
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Table 3.7 Rotated (varimax) factor matrix.

factors
variable 1 2 3 4 5 6

Ti 0.76 -0.03 -0.32 0.06 -0.09 0.08
Al 0.93 -0.08 0.07 0.09 0.13 0.11
Fe -0.10 0.84 0.06 -0.08 0.19 0.21
Mg -0.25 -0.50 -0.42 0.14 -0.43 -0.38
Ca 0.83 0.02 0.18 0.10 0.05 0.31
Na 0.59 -0.23 -0.14 0.09 0.51 0.08
Mn 0.10 -0.02 -0.05 -0.13 0.84 -0.02
V 0.66 -0.11 -0.06 0.12 -0.33 -0.24
Sc 0.81 -0.19 0.22 0.16 -0.03 -0.17
La 0.86 -0.02 0.15 0.11 0.21 0.01
Sm 0.92 -0.02 0.08 0.12 0.12 0.03
Eu 0.78 0.21 -0.17 0.12 0.04 -0.05
Yb 0.83 0.08 -0.03 0.20 0.14 0.22
Lu 0.62 0.02 0.00 0.57 0.08 -0.15
Ni -0.05 0.87 0.13 -0.04 -0.13 0.10
Cr 0.00 0.27 -0.31 0.19 0.57 -0.45
Co -0.12 0.95 0.16 0.02 -0.09 0.07
Ga 0.08 0.26 0.80 0.11 -0.10 0.09
Se -0.16 0.80 -0.28 0.19 0.18 -0.10
Br 0.06 0.25 0.01 0.00 -0.05 0.88
Ir 0.30 0.37 0.31 0.81 -0.12 0.05
Au 0.27 0.60 0.21 0.17 -0.05 -0.02
Ho 0.73 -0.02 0.38 0.01 -0.17 -0.30
Os 0.31 -0.08 -0.22 0.94 -0.05 -0.02

mass -0.02 0.05 0.94 -0.10 -0.06 -0.01
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Eu, Ti, Ho, V, Lu, and Na (in decreasing order of the

magnitude of contribution) and it exhibits a slight

anticorrelation with Mg. The importance of this factor is

manifested by the fact that it describes fully one-third

of the overall variance in the data set (table 3.5).

Nearly 20% of the total variance is found in factor

2, which is seen to be made up of Co, Ni, Fe, Se, Au (and

possibly some Ir) as well as a marked negative

contribution from Mg. It would appear that this factor

might represent some type of chalcophile/siderophile phase

with an associated paucity of Mg-silicate(?) material, the

latter of which is suggested by the moderately strong

anticorrelation with Mg.

Factor 3 includes 10% of the data's variation and is

primarily a function of chondrule mass with a considerable

degree of Ga participation (see below). Ho may contribute

significantly to this factor, and it appears that some Mg-

silicate(?) anticorrelation may be present here as well.

There exists the possibility that the Ga-mass relationship

is misleading, thereby over-emphasizing the importance of

Ga in this factor; figure 3.3 shows that the correlation

between these two variables is moderately high (r = 0.72),

and yet the overall trend closely approaches a slope of

zero (particularly upon consideration of the error

associated with Ga data) which suggests a total lack of

correlation between these parameters.

Factor 4 (>8%) loads high with the refractory
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Figure 3.3 Gallium/mass correlation plot; slope equals
1.58E-1 (including two upper outliers) and 6.53E-2
(exclusive).
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siderophiles Os and Ir (nebular 50%-condensation

temperatures at 10-4atm are 1814K and 1610K, respectively;

see Wasson, 1985), and also exhibits some contribution

from the refractory lithophile Lu (1597K, as above;

ibid.). Factor 5 (5.5%) is comprised of the volatile to

moderately-volatile lithophiles Mn, Cr and Na (1190K,

1277K and 970K, respectively; ibid.), and factor 6 (>4%)

is primarily due to Br with a moderate negative loading

for Cr; the latter two factors (as with 2 and 3) are

found to be somewhat anticorrelated with Mg (silicates?)

as well.

One might question the validity of the above results

in light of the fact that factor analysis is particularly

sensitive to the presence of a few unusual or distinctly

different objects within an "average" population (recall

samples 59, 10A, 11C and 14C; table 3.3). Such objects

could lead to results which are "biased" in their favor,

and so to preclude this possibility an additional analysis

was performed on the chondrule data set after the

elimination of these four samples. The new rotated factor

matrix is presented in table 3.8 and the overall results

are seen to be essentially equivalent to those determined

previously; hence, in this case, the presence of these

four unusual chondrules does not alter the conclusions

discussed above.

In this section, factor analysis has led to the

identification of six dominant "quasi-variables" which
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Table 3.8 Rotated (varimax) factor matrix excluding
outliers (i.e., 59, 10A, 11C, 14C).

factors
variables 1 2 3 4 5 6

Ti 0.72 -0.01 -0.36 0.08 -0.11 0.04
Al 0.94 -0.02 0.06 0.08 0.13 0.08
Fe -0.03 0.83 0.07 -0.14 0.18 0.26
Mg -0.19 -0.53 -0.41 0.10 -0.45 -0.36
Ca 0.84 0.05 0.16 0.07 0.03 0.30
Na 0.55 -0.26 -0.17 0.11 0.54 0.05
Mn 0.09 0.02 -0.02 -0.12 0.86 0.02
V 0.57 -0.04 -0.08 0.25 -0.32 -0.33
Sc 0.83 -0.15 0.20 0.13 -0.02 -0.20
La 0.86 0.00 0.12 0.09 0.21 -0.02
Sm 0.93 -0.01 0.05 0.09 0.11 0.00
Eu 0.71 0.26 -0.21 0.22 0.07 -0.11
Yb 0.82 0.11 -0.07 0.19 0.12 0.21
Lu 0.69 0.00 0.04 0.49 0.09 -0.16
Ni 0.03 0.87 0.13 -0.11 -0.14 0.14
Cr 0.06 0.21 -0.32 0.13 0.60 -0.39
Co -0.07 0.96 0.16 0.00 -0.08 0.10
Ga 0.10 0.23 0.81 0.13 -0.11 0.09
Se -0.13 0.78 -0.27 0.19 0.21 -0.11
Br 0.02 0.29 0.01 0.04 -0.08 0.85
Ir 0.40 0.31 0.32 0.77 -0.12 0.07
Au 0.19 0.63 0.24 0.25 -0.03 -0.09
Ho 0.69 0.00 0.36 0.02 -0.16 -0.36
Os 0.43 -0.15 -0.19 0.89 -0.03 0.00

mass -0.04 0.09 0.93 -0.08 -0.06 -0.04
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collectively describe nearly 80% of the variability

associated with the complete chondrule data set. A number

of these factors will be compared with similar studies

performed on other carbonaceous and ordinary chondrites in

an attempt to shed some light on such questions as: were

these objects formed from the same or similar parental

material, or are they complementary components of the same

precursor? were they likely formed at proximal locations

within the solar nebula? do these chondrules represent

pristine nebular material, or have they undergone some

form of secondary alteration thereby precluding their use

as early solar system probes? Questions of this nature

will be addressed in the following chapter which deals

with comparative analyses.
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4. RESULTS AND COMPARATIVE DISCUSSIONS

4.1 Mass (size) Frequency Distributions

Particle mass and size frequency distributions which

exhibit skewed behavior toward larger values are common in

both terrestrial and meteoritic populations. Cadle (1965,

1975) and Seinfeld (1975) discuss anthropogenic and

naturally-occurring particulate matter (e.g., aerosols,

wind-risen dust, sea spray, volcanic ejecta, etc.) and

suggest that such materials are often well-represented by

lognormal (or near-lognormal) distributions. Seinfeld

(1975) lists the processes which affect terrestrial

aerosol particles as: (a) production due to heterogeneous

or homogeneous nucleation (see below), (b) growth caused

by gas-phase reactions on particle surfaces, (c)

scavenging of smaller particles by larger ones, and (d)

gravitational settling. Homogeneous nucleation occurs

when a gas vapor becomes super-saturated to a specific

degree and minute clusters of the condensed material

continue to grow rather than re-evaporate. Much lower

supersaturations are necessary for condensation if foreign

particles are present to act as "seed" nuclei (as in the

case of heterogeneous nucleation). [An analogy to (a)

above might be the homogeneous condensation of

interstellar gas, and/or heterogeneous condensation upon

supernova ejecta, to form solid clusters (i.e., dust-

balls) which are subsequently modified by (b), (c) and
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(d). Such dust-balls may serve as chondrule precursor

material (Martin and Mills, 1976)].

Lognormally distributed chondrule populations from

carbonaceous and ordinary meteorites have been reported by

Martin and Mills (1976), Dodd (1976), King and King (1978,

1979), Hughes (1978), Das Gupta et al. (1978), and Gooding

(1983). It has been suggested by some of these authors

(Dodd, 1976; King and King, 1979) that the mass and size

frequency distributions are functions of the physical

conditions present at the time of chondrule formation

(i.e., the formational mechanism was highly efficient and

yielded a restricted size range), or they result from the

subsequent mass- and/or size-sorting of chondrules before

or during their accumulation on parent bodies.

Conversely, Martin and Mills (1976) have proposed that the

restricted size range of chondrules cannot be due to a

major contribution from any sorting mechanism during

accretion of chondritic material, since one would expect

to find at least a few chondrites with predominately

larger chondrules and some with predominately smaller

ones. The authors believe that these meteorites are not

represented in our collections, and hence the lognormal

distributions must be caused by a process(es) acting upon

material which already possess such size characteristics

(e.g., dust-ball aggregates having a narrow size range,

which were subsequently melted by some high-energy event).
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In addition, King and King (1979) have obtained size

frequency data for fluid drop chondrules (those showing

evidence of origin as quenched or crystallized molten

droplets), lithic chondrules (exhibiting clastic textures

or evidence of interruption of fabric and/or textures at

margins) and non-chondrule particles from carbonaceous

meteorites and indicate that their distributions are

essentially equivalent. The investigators suggest that if

these objects were produced by different mechanisms (or in

different environments) then an extremely effective size-

sorting process was necessary to produce the similar

observed distributions.

A number of attempts have been made to fit chondrule

data to Rosin's Law (Martin and Mills, 1976, 1978;

Hughes, 1978) which is known to accurately describe size

frequency distributions from (a) fragments such as those

produced by artificial crushing (e.g., industrially-

comminuted coal) and (b) certain weathering products and

sediments (e.g., glacial till, pyroclastic deposits, lunar

soil; the latter, presumably, because it was formed by

repeated impacts). In each of the above studies, Rosin's

Law was seen to provide a poor fit to the chondrule mass

distributions (primarily due to discrepancies at the

smallest masses, in which the law over-emphasizes the

quantity of this fraction) leading the authors to suggest

that crushing forces were not predominant during chondrule

(or precursor?) formation and accretion. An extension of
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Rosin's Law that appears to give a better fit to the

chondrule data (i.e., one in which the smallest particles

are "missing" with respect to the law) is the Weibull

distribution (Hughes, 1978). Accordingly, the author

indicates that the chondrule mass distribution could

result from a Rosin distribution (i.e., a crushing

mechanism) followed by aerodynamic and/or gravitational

sorting which are size-dependent and can separate out the

fine fraction. Otherwise, the distribution could be

produced by some fragmentation-plus-condensation mechanism

which results in an inherent minimum chondrule size in the

end product. In light of these results, an attempt was

made to match the Mokoia chondrule data to a STATGRAPHICS

Weibull distribution using the computer-chosen parameters

(shape constant = 0.827, scale constant = 3.062); a chi-

square value of 0.30 was obtained which may suggest a

significant contribution from some mechanism(s) such as

those described above.

It has been implied by Dodd (1976) that the

possibility is only remote that the observed chondrule

size distribution in any way reflects the formational

process, as indicated by the wide variety of chondrule

forms, textures and mineralogies (which testify to a

varied and complex pre-accumulation history). He also

claims that gravitational sorting is an unfeasible

mechanism for creating the observed chondrule

distributions except in the highly restrictive case of a
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parent body with a non-stagnant, laminar-motion

atmosphere, whereby larger/denser objects settle and

accumulate and smaller/less-dense particles remain

suspended. Rather, Dodd (1976) supports aerodynamic

sorting in which small planetesimals with insignificant

gravitational fields move through a mixture of particles

and gas such that aerodynamic drag sweeps small and/or

low-density particles past the body while others accrete.

A first-order approximation of the "degree" of

sorting present in the Mokoia chondrules was calculated in

terms of the Inman (1952) sorting coefficient. This

parameter is defined as one-half the difference between

the values at the 84th and 16th percentiles on the

cumulative frequency plot of particle sizes (phi scale),

and was determined here for both the average and largest

chondrule diameters. In both cases a value of

approximately 0.55 - 0.60 was obtained, which falls within

the range measured for terrestrial atmospheric cloud

droplets (0.42 - 0.64) but is better sorted than volcanic

ejecta (1.1 - 2.2), lunar soils (1.55 2.5),

artificially produced impact ejecta (4.3), and some

terrestrial sediments (Dodd, 1976 and references therein).

Based on the diverse and often conflicting arguments

expressed above, one might conclude (as in Dodd, 1976)

that the Mokoia chondrule mass and size distributions can

tell us little or nothing for certain with regards to the

mechanism(s) which led to chondrule formation. And yet,
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at the very least, it should be possible to identify

certain phenomena as potential contributors, or eliminate

others from consideration, based on the Mokoia results.

The Mokoia chondrule mass frequency distribution was found

to fit a lognormal curve exceptionally well, however it

would appear that a Weibull distribution cannot be

definitely precluded. This could indicate that

crushing/comminution forces came into play at some time

prior to (or during) chondrule accretion on the parent

body, and since many chondrules from Mokoia give some

indication of partial deterioration through abrasion or

mechanical modification (Cohen et al., 1983), it appears

likely that these forces could have acted upon the

chondrules, themselves. On the other hand, spongy,

incoherent dust-balls/chondrule precursors produced by

condensation of interstellar gas (in the manner described

by Seinfeld, 1975) may have experienced collisions and

comminution (due to turbulence in the early nebula?),

thereby leading to a population (restricted in size) whose

individuals were subsequently melted while retaining their

original distribution.

Furthermore, it would appear that post-formational

sorting of chondrules should not be ruled out for all

cases. Assuming that the Mokoia data set is

representative, the "incompleteness" of the normally-

distributed size data (see Appendix figure A.1: n.b., the

logarithms of a lognormally distributed population lead to
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a Gaussian curve) suggests that some modification of the

chondrule population may have occurred, although whether

the potential sorting is gravitationally, aerodynamically,

or otherwise induced is uncertain at this point.

Finally, the approximated sorting coefficient would

seem to preclude both volcanism and impact phenomena as

likely formational mechanisms for Mokoia chondrules,

although such activities most certainly were occurring

throughout solar system history. Conversely, the close

association of the degree of sorting between Mokoia

chondrules (or their precursors) and terrestrial cloud

droplets supports the aforementioned scenario in which

nebular dust-balls condense, partially evaporate and re-

condense, collide and comminute within a somewhat-

turbulent environment in the presence of a gravitational

field (i.e., due to the nebular midplane). It is

suggested here that subsequent heating and/or melting of

these objects, and possible modification due to minor

sorting of their progeny, could then lead to the observed

Mokoia chondrule mass frequency distribution.

4.2 Element Frequency Distributions

In addition to the Mokoia data presented in this

study, positively-skewed element distributions have been

identified for chondrules from other carbonaceous and

ordinary chondrites (as in Osborn et al., 1973, 1974 and

Gooding, 1983). Lognormal distributions in terrestrial
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materials were acknowledged as early as forty years ago by

Ahrens (1954a), who suggested that such elemental behavior

was universal and therefore the manifestation of a

geochemical "law". This statement was challenged by

Chayes (1954) with the contention that concentrations of

trace and minor elements in crystalline rocks commonly

exhibit extreme values (i.e., they are rare but not

unheard of) and are invariably bounded at the lower end by

zero, thereby creating a situation which is ideal for the

development of a truncated distribution with a positive

skew (yet the author also claimed that "lognormality"

should not always be considered a foregone conclusion;

also see Shaw, 1 9 6 1 ) .

In spite of this opposition, Ahrens (1954b) later

argued that the lognormal law was still a viable one,

although an exact fit is not always to be expected (rare

exceptions may exist) and other distributions (e.g.,

binomial, Poisson, etc.) may occasionally be more

suitable. In a summary of igneous rock results to date,

Ahrens (1966) showed that the greatest tendency by far

(i.e., >75%) is that of positively-skewed elemental

frequency distributions, several of which exhibit (or

approach) lognormality. Some elements (e.g., K and Si)

often showed a distinct inclination toward negative skew,

yet the author felt that this was to be expected in a

multicomponent system in which most of the abundant

constituents are skewed otherwise (see Aubrey, 1956 and
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Shaw, 1961); furthermore, any trace element that is

closely associated with a negatively-skewed major element

would likely mimic such behavior.

Shaw (1961) divided terrestrial rocks into two main

groups, the first of which is composed of those

crystalline rocks that have a clear and distinct

physicochemical origin (such as that manifested in

chemical sediments, igneous and metamorphic rocks, i.e.,

those which have resulted from homogeneous crystallization

or recrystallization). The second group contains the same

rocks with the addition of the products of (a) biochemical

or adsorptive processes and/or (b) mechanical

disintegration and mixing; these would include, e.g., all

altered and most sedimentary rocks. Rocks of the latter

group result from multiple processes and are therefore

expected to exhibit complex (or mixed) bulk element

distributions, whereas rocks of the first type are likely

to display relatively simple distributions. In fact, Shaw

(1961) indicates that the law of mass action alone (which

would be a strong controlling factor during

crystallization) theoretically provides an effective means

of establishing a simple lognormal element distribution if

one assumes that the species exist as dilute ideal

solutions (i.e., in the case of trace elements,

specifically).

Based solely on the Mokoia element frequency

distributions, it would appear that chondrule formation in
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a planetary environment is unlikely (e.g., impact-

generated melt droplets from a heterogeneous regolith

material) due to the expected complexity of the resulting

distributions (barring any subsequent homogenization

process). Volcanism cannot be precluded in this case, but

previous results regarding degree of sorting (section 4.1)

are shown to be nonsupportive of this mechanism.

Consequently, a nebular origin of Mokoia chondrules is

suspected, i.e., one in which these objects were created

from a reasonably (and locally) homogeneous medium such as

the widely accepted conceptual solar nebula discussed

previously.

4.3 Intervariable Correlations

Intervariable correlations are ancillary to factor

analysis, and hence their primary function is largely

supportive. Such correlations are easily visualized in

the results of factor analysis (see following section),

the latter of which may then be utilized in attempts to

characterize the data set and identify similarities shared

with other "groups" of data. Despite this supportive role

(and the redundancies incurred through the discussion of

both correlation and factor analysis results) it would,

nonetheless, be informative to compare a few selected

variable-pair correlations with those of earlier studies

regarding chondritic material (particularly since many of
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these did not utilize the more advanced statistical

techniques).

Element-mass correlations and anticorrelations for

chondrule sets have been observed and/or predicted by

several investigators. Grossman and Wasson (1983)

suggested that smaller chondrules should be more volatile-

poor due to their higher surface area-to-volume ratios,

which would lead to a greater loss of these elements for

the smallest chondrules. Yet in their study of numerous

chondrules from unequilibrated ordinary and carbonaceous

chondrites (including Mokoia) they found no conclusive

evidence to support this claim. Additionally, Mokoia

results from the present investigation (see figure 4.1)

indicate a complete lack of correlation between chondrule

mass and the volatile lithophile Na. As the predicted

behavior seems reasonable (i.e., protracted loss of the

most volatile elements with continued heating/melting of

chondrules/precursors), the above results would seem to

indicate that the high-energy event leading to the

production and/or modification of most chondrules was of

very short duration (or special conditions existed which

precluded extensive volatilization of many species);

n.b., such conclusions also appear to be supported by the

results from the volatile siderophile Ga (recall figure

3.3).

Tsuchiyama, et al. (1981) determined experimentally

that the extent of Na-loss from chondrules and their
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Figure 4.1 Mokoia chondrule Na-content vs. mass (no
correlation).
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analogs was a direct function of time, temperature,

droplet size and oxygen partial pressure (also see Housley

and Cirlin, 1984). Not surprisingly, they observed that

Na20 contents decreased with heating time while increased

temperatures enhanced the rate of loss. In addition,

smaller objects exhibited faster Na-loss and an elevated

p(02) was seen to mitigate this volatilization according

to the following formula:

Na20(liq) = 2Na(gas) + 1/2 02(gas).

Based on the assumption that the f(02) at the time of

chondrule production was "normal", the authors suggest

that the formational mechanism was one of instant heating

followed by immediate cooling; based on similar results,

Hewins (1983) has indicated that chondrule precursors

spent (at most) only a few hours at high temperature(s).

Nagahara (1983) states that the average bulk

chondrule composition consists mainly of olivine, pyroxene

and plagioclase components, and therefore a partially

melted precursor which crystallized the first two minerals

must be mostly enriched in plagioclase; such

incompletely-melted chondrules are quite common as

evidenced by the occasional presence of "relict" grains.

This residual liquid would be more polymerized than that

resulting from a total melt and hence volatile loss would

be somewhat precluded (i.e., slow cooling of some

chondrules would not necessarily conflict with the
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presence of volatiles). A dense, alkali-rich environment

for chondrule formation has been suggested (Kurat et al.,

1985) which would also limit Na-loss from hot chondrules,

and yet it seems that such an unusual condition would be

manifested by additional phenomena as well (none of which

have been alluded to).

The retention of Na due to an elevated f(02) was

discussed by Wood (1988b), Grossman (1988) and Hewins

(1988). The former authors have indicated that a higher-

than-nebular oxygen fugacity could be achieved by

vaporizing a large amount of silicate material prior to or

during chondrule formation (which would lead to an

increase in the H20/H2 ratio in certain localities,

thereby minimizing the loss of Na). Based on olivine

compositions in certain carbonaceous chondrules, Wood

(1988b) claims that an 0/H ratio of 5-20 times the cosmic

ratio must have been present at least locally;

particle/gas sorting (e.g., due to gravitational settling

of solid chondrule precursors toward the nebular midplane)

may have led to regions rich in dust which, upon

experiencing vaporization and recondensation, would be

exposed to major fluctuations in the 0/H ratio. Hewins

(1988), on the other hand, suggests that oxygen fugacity

may be locally high as a result of evaporation in a dust-

ice cluster.

In any event, it is clear from the foregoing

discussion that the phenomenon of volatile loss from
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chondrules/precursors is still imperfectly understood, and

yet (if one assumes the simplest scenario, i.e., a

"normal" nebular environment) the Mokoia data seem to

support a formational mechanism which involved heating and

cooling durations of limited extent (possibly on the order

of seconds to hours) with or without a gravitationally

induced solid/gas fractionation that created regionally

enhanced oxygen fugacities.

Osborn and Schmitt (1971) identified positive

correlations between chondrule mass and Al, Sc, and Ir

from a group of 26 ordinary and carbonaceous chondrites.

Ir-mass and Al-mass anticorrelations were observed in

ordinary chondrites (Osborn et al., 1973) and the latter

was also reported for ten Mokoia chondrules by Osborn et

al. (1974). As seen in figure 4.2, the present Mokoia

data does not support the above results (as these

elements exhibit insignificant correlations with mass),

but this disagreement may be a function of the limitations

associated with the earlier studies (e.g., small sample

set, the combined analysis of potentially disparate

chondrule populations, etc.).

4.4 Factor Analysis

Although in recent years the number of factor

analysis studies regarding chondrules has increased,

essentially all of these have utilized software which is

incompatible with "missing" data values. It was therefore
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Figure 4.2 Element-mass plots for Mokoia chondrules. In
each case, there exists a complete lack of correlation.

12 r-

o

8
0

0 0
4 0

eo 0
© o ° o
8 c,D00 0 8 o

o at, o
o o 0
0

0

40

30

cc
0- 20
o

(/)

10

0
0 0

0 0
0

OD or0

o

r = 0.04

0

o

0
on 0 0 0 i

6 12 18 24

0400 0
0
dio00

0

0

6

0

0

mass (mg)

r = O.14

oo
o

0

o

0

o

12 18 24

moss (mg)



Figure 4.2 (continued),

72 ---e

8

4

o
0 ono o o o
o 0. 00 sz? o o o o o

o
0 000 o o

-o-- , oo _
6 12 l8 24

oo

0

r = 0.23

mass (mg)

75



76

necessary for these investigators to eliminate certain

samples (e.g., those which were analyzed for only a few

elements), as well as specific elements that were

not detected precisely for all chondrules, in order to

obtain a complete data matrix. In many cases, mean or

estimated values (obtained from summary statistics and

interelement regressions, respectively) were substituted

for missing data, but such ad hoc additions could not

contribute any new information to the overall results.

Conversely, STATGRAPHICS (v4.0) accepts "non-entries"

within a data matrix so that all samples and elements can

be incorporated into the statistical calculations, thereby

precluding the unnecessary elimination of any information

while enhancing the correlation and factor analysis

results with respect to earlier studies.

Before attempting to decipher the results of factor

analysis a number of assumptions are commonly made (see

Grossman et al., 1988). First, one normally supposes that

chondrules essentially acted as closed systems for most

elements, in which case theoretical components (i.e.,

factors) can be equated with actual precursor materials

and, subsequently, mineralogies may often be inferred.

With respect to those elements which are particularly

susceptible to loss/separation through volatilization/

immiscibility, the resulting component(s) may either be

related to the composition of the residuum or the

evaporated/immiscible fraction. In addition, it is
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assumed that the chondrules under investigation have not

been significantly modified by secondary processes such as

thermal metamorphism, chemical or aqueous activity, etc.

In the present study, the Mokoia chondrite was chosen

specifically for its primarily unaltered nature and

therefore this assumption is well-founded (recall section

1.2). Finally, it is expected that most chondrules were

formed by the same general process(es) within the same or

equivalent settings, otherwise the inferred components

might be only fortuitous and largely meaningless products

of the correlations between similar but unrelated

populations of chondrules.

Summary tabulations of some inferred chondrule

precursors based on the results of factor analyses to date

may be found in Grossman, et al. (1988, Table 9.1.2) and

Rubin and Wasson (1988) with associated references; the

latter is reproduced here in table 4.1. It is evident

from these compilations that chondrules of different major

chondrite groups were formed from significantly different

precursor materials and/or variable amounts of such

components. Results from the present Mokoia study (refer

to figure 4.3) largely support previous work regarding CV-

type chondrites, but a few differences do exist; n.b.,

these earlier data are based solely on the results of INAA

and EPMA studies on the Allende (CV3) meteorite (see Rubin

and Wasson, 1987) and, consequently, further studies on

unequilibrated CV-type material (e.g., Kaba, Vigarano,
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Table 4.1 Inferred chondrule precursor components from
Rubin and Wasson (1988); appropriate references cited
therein.

chondrule group precursor components

OC

EH

CV

CM-CO

1. refractory lithophiles, olivine;
low FeO

2. silica, FeO, pyroxene; low refrac-
tories

3. refractory siderophiles
4. common and volatile siderophiles,

chalcophiles
5. volatile lithophiles

1. refractory lithophiles, olivine
2. Na, REE (except Eu)
3. Ca-Eu-Se
4. siderophiles

1. refractory lithophiles; low FeO
2. common and refractory siderophiles,

chalcophiles
3. Si, Cr, Mn, pyroxene; moderate FeO
4. volatile and refractory siderophiles
5. alkalis

1. common and volatile siderophiles, Cr,
chalcophiles

2. refractory lithophiles, Na
3. Mn, Si, pyroxene
4. FeO, olivine



Figure 4.3 Mokoia chondrule factor analysis results.
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Figure 4.3 (continued).

1.0 r----

0.5

-t-
L_

° 0.0
fo;U

0

0.5 7

1 .0 1
1.0 0.5

rIr
Os

Lu

Mg,Se Cr Au No,V+ Go , e smAl, . ii iCo ,

: io. 1
Co,Lo

1 Br

Fe,Ni, Mn
moss Ho,Ti,Eu,

Sc,Yb

0.0

factor 1

0.5 1.0

80



Figure 4.3 (continued).
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etc.) are necessary to more fully characterize the

chondrule precursors in this subgroup.

Rubin and Wasson (1987) identified two primary

components in the Allende meteorite (accounting for 34%

and 22% of the total variance, respectively; see figure

4.4) which appear to be essentially equivalent to factors

#1 (33%) and #2 (18%) in the present Mokoia study.

Although not determined for Allende factor #1, the

elements Na, Ti, Ho, Yb and Lu were found to contribute

significantly to the same factor in Mokoia, and while Mg

correlates with this component in the former it

anticorrelates in the latter. Assuming that Mg is

normally associated with the most common chondrule phases

(i.e., olivine and pyroxene), this would seem to suggest

that the lithophilic component/precursor was partially

incorporated into Allende Mg-silicates but largely

excluded from them in Mokoia (evidently, these meteorites

were either formed in different regions of the solar

nebula or they were separated temporally such that the

lithophilic precursor was "unavailable" to Mokoia during

its high-temperature silicate formation). Iridium is seen

to load weakly on factor #1 for both chondrites, whereas

Au and Os also contribute to this component in Mokoia. An

Ir-Os precursor is indicated by Mokoia factor #4 and

perhaps some of this highly refractory component was

combined with the lithophilic material described above.

In terms of factor #2, the Fe-Ni-Co-Se association is



83

Figure 4.4 Factor analysis results from the Allende (CV3)
meteorite (Rubin and Wasson, 1987).
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common to both meteorites, as is the Mg (silicate?)

anticorrelation. Furthermore, while Ir contributes

appreciably in both cases, Ga loads significantly in

Allende and the presence of Au is indicated in Mokoia

only. It is uncertain at this time why Os does not also

load higher on Mokoia factor #2, but this could indicate

that not all of the Ir was associated with the

aforementioned refractory precursor (factor #4).

A Mn-Cr component (factor #3, 12%) was identified in

the Allende meteorite which is similar to that of Mokoia

factor #5 (5.5%), although the latter includes appreciable

Na as well, and Rubin and Wasson (1987) suggested that

this component was associated with modal pyroxene. Such

an association with this mineral is somewhat questionable

if our assumption that "Mg follows olivine and pyroxene"

is correct, since both meteorites show an anticorrelation

between Mn-Cr and Mg. Also, Au-As and alkali components

were found in Allende (factors #4[10%] and #5[7%],

respectively), but no such information was identified for

Mokoia.

Overall, the Allende and Mokoia results are mutually

supportive, although distinct but minor differences exist.

The two primary factors are quite similar (i.e., the

lithophile and chalcophile/siderophile components) and the

Mn-Cr precursor is common to both, but the likeness ends

there as the additional factors are clearly disparate.

Such dissimilarities do not unequivocally preclude the



possibility that Mokoia and Allende meteorites are of the

same parent body, for they may simply be the

manifestations of local nebular inhomogeneities (temporal

and/or spatial) or minor secondary modification(s)

experienced within the parent.

In their study of the Ornans chondrite

(unequilibrated, CO-type), Rubin and Wasson (1988)

identified four factors accounting for 36%, 24%, 15% and

7.5% of the total data variability, respectively (see also

McSween et al., 1983). The primary factor appears to be

equivalent to factor #2 of Mokoia and Allende, although

for Ornans this siderophile/chalcophile component is

considerably more enriched in Cr while V also loads

significantly (Ir, Au and Ga contributions, as well as a

strong Mg anticorrelation, are common to this factor in

both subgroups; see figure 4.5). Ornans' factor #2 is

85

not appreciably different from that of the CV-type factor

#1, both of which are mainly comprised of refractory-to-

volatile lithophile elements with a Mg anticorrelation,

and Ir and Ga load higher on this factor for the Ornans

meteorite. A third factor consists of substantial Mn and

modal pyroxene with a minor amount of Cr, and may

represent the same component as factor #5 in Mokoia and

factor #3 in Allende (n.b., each of these factors displays

a negative loading for Mg and it is uncertain at this

point why Allende and Ornans, and supposedly Mokoia,

exhibit an anticorrelation between Mg and modal pyroxene).
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Figure 4.5 Factor analysis results from the Ornans (CO3)
meteorite (Rubin and Wasson, 1988).
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Evidently, CO- and CV-type chondrules formed from the same

(or very similar) precursor materials while the former

incorporated more of the chalcophile/siderophile component

and the latter a larger amount of the lithophile

component. Perhaps these objects formed at similar

heliocentric distances but at different vertical positions

with respect to the nebular midplane. Any heterogeneity

in this dimension (e.g., a segregation of lithophilic and

siderophilic/chalcophilic particles due to grain-size

and/or density variations) would lead to proximal, yet

dissimilar and often complementary, parental regions.

Such a fractionation phenomenon was also alluded to by

Rubin and Wasson (1988) as a means of creating the bulk

compositional differences between the chondrite groups,

and if this scenario is true then it may be possible to

determine which of the aforementioned major components

settled more completely toward the nebular midplane (and

thereby understand more clearly the relative formational

regions for chondrules of the CO and CV subgroups). An

intensive petrographic examination is necessary in order

to locate these precursor grains, assuming that they have

not been significantly altered in form or content and that

their actual sizes are not so small as to inhibit study.

Although unequilibrated ordinary chondrites are not

included in this study, it may be helpful to mention

briefly some early factor analysis results regarding these

objects. Grossman and Wasson (1982, 1983) analyzed a
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number of chondrules from the Chainpur (L3) and Semarkona

(LL3) meteorites and also identified lithophile and

metal/sulfide components which are somewhat similar to

those of the carbonaceous chondrules (see figure 4.6). In

addition, a volatile lithophile precursor is indicated

(recall Allende factor #5) as well as some unknown

phenomenon which apparently led to variations in modal

olivine versus pyroxene. This seems to indicate that

ordinary and carbonaceous chondrules may have shared some

similar parental material(s) or slight variations thereof.

If this is true, such a fact would have significant impact

on the common assumption that these two chondrule groups

are so disparate that they should be considered as

completely unassociated objects (see, e.g., Dodd, 1981; p.

77).

Overall, the chondrule precursors from each chondrite

group are seen to be generally related to elemental

volatility and/or the affinity of specific elements for

metal, silicate or sulfide phases. In light of this

suspected volatility control, it may be instructive to

compare the "calculated" precursors from Mokoia with those

phases which are expected to condense from a hot gas of

solar composition (refer to figure 4.7). This diagram

represents the condensable fraction of solar matter which

comprises about 1% of the total mass of the Sun (the

remaining 99% being made up of H and He). The
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Figure 4.6a Factor analysis results from the Chainpur
(L3) meteorite (Grossman and Wasson, 1982).
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Figure 4.6b Factor analysis results from the Semarkona
(LL3) meteorite (Grossman and Wasson, 1983).
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Figure 4.7 The equilibrium condensation sequence for
condensible solar matter after Larimer (1988). See text
for discussion.

2000

1500

0

0)
s.

co 1000

la)

50

P
T=10

4
atm

.

A1203,CaO,Ti02,
REE,C),Th= FeNi

Mg2St04, M9S103 \
. Na,K,Ftb,Mn

FeS

N
Pb

T1

H2O

0 50

% Condensed

100



92

thermodynamically-determined sequence of elemental

condensation is based on the rather unrealistic assumption

that complete chemical equilibrium is maintained

throughout, and while such equilibrium cannot be

absolutely assured for a cooling "solar"-type gas, figure

4.7 may still serve as a basis for comparison and allow

one to identify those phases which are "likely" to be

present within a simple condensation scenario.

At first glance, it would seem that figure 4.7 quite

accurately predicts the presence of the lithophilic,

siderophilic, Mg-rich and Mn(Cr?)-Na components which were

previously determined as Mokoia chondrule precursors. As

these similarities are not likely to be entirely

fortuitous, the following basic scenario for chondrule

precursor history is offered for discussion.

The young, dusty solar nebular probably contained

countless solid particles which were "injected" into this

region from nearby hot, exploding stars (supernovae)

and/or which originated during the cooling of a dead,

earlier-generation Sun that itself exploded and

recondensed. These small (micron to submicron?) particles

probably included highly refractory grains of Ir (+/-

Os,Lu) which condensed early (recall their high 50 %-

condensation temperatures, section 3.6) and were

subsequently incorporated in varying degrees into later-

condensing lithophilic and metallic phases (recall Mokoia

factors #4, #1 and #2, respectively). Magnesium-rich
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silicates (olivines and pyroxenes) condensed at somewhat

lower temperatures, but these materials were segregated

temporally and/or spatially from the previous phases as

evidenced by the latters' distinct anticorrelations with

Mg. A Mn(Cr?),Na-bearing phase condensed around 1000K

(Mokoia factor #5) and sufficient Al-rich oxide grains

were probably present at this time and offered favorable

nucleation sites for some alkali condensates (recall the

strong Na contribution in the refractory lithophile

component). Eventually, the ambient temperature dropped

below about 700K in order to allow sulfidization of the

pre-existing metallic phase(s). Finally, an appropriate

mixture of these precursor materials in the form of

isolated mm- to cm-sized balls of dust underwent some

pervasive high-temperature event that led to their

complete (or nearly complete) melting, and the end result

is a large collection of silicate-rich beads of somewhat

variable composition and texture known as chondrules.

Clearly, the above scheme is highly simplified and is

intended only as a guide for further studies. As

mentioned previously, intensive petrographic

investigations are required in order to support or refute

these claims, and it is hoped that future observers will

be able to locate and observe these suggested precursor

phases in order to characterize them more fully.

As a final note, the Mokoia factor analysis results
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cannot be reconciled with a formational mechanism that is

based on the melting of pre-existing rocks (e.g., impact

melting, volcanism, etc.). The strong correlations

between Ti and Ca or Al in factor #1 are not expected from

this type of mechanism since Ti would presumably be

concentrated in different phases (e.g., chromite and

pyroxene) than the plagiophiles, Ca and Al (see Grossman

and Wasson, 1983; McSween, 1977b; Osborn, et al., 1974).

Similarly, Rubin and Wasson (1988) have indicated that the

occurrence of Sc and Sm (non-plagiophiles) in a material

similar to Mokoia factor #1 can not be an artifact

resulting from mineral growth and/or element transport

during metamorphism and, hence, Mokoia chondrule formation

from an existent igneous/metamorphic material is highly

unlikely.
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5. ZELDA'S COUSIN

A unique sulfide/oxide-rich opaque assemblage (OA)

was discovered during the collection of Mokoia chondrules

for the present study (see Schilk et al., 1991), and has

been named "Zelda's Cousin" (ZC) due to the resemblance it

bears to the sulfide-rich OA, Zelda, which was found

embedded in a large CAI of the Allende chondrite

(Armstrong et al., 1985; Armstrong et al., 1987). This

object is the first of its kind to be identified in

Mokoia, and it is the largest such OA found in any

chondritic meteorite to date.

Smaller, related OAs began to receive considerable

attention some years ago following their identification in

CAIs and chondrules (see Wark and Lovering, 1976; Palme

and Wlotzka, 1976; El-Goresy et al., 1977; El-Goresy et

al., 1978; Haggerty and McMahon, 1979; McMahon and

Haggerty, 1980), and it was believed that these objects

needed to be adequately characterized in order to

understand the nature of chondrule and CAI formation.

Until recently, most investigators postulated that the OAs

were exotic (i.e., extra-solar) and existed in their

present state prior to the formation of their hosts.

Consequently, OAs were inferred to record conditions in

the early solar nebula prior to CAI and chondrule

formation, and could therefore provide important

constraints on parameters such as temperature, precursor
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composition, degree of mixing, etc. (Blum et al., 1988,

and references therein). These beliefs led to their being

referred to as "Fremdlinge ", which is German for strangers

or foreigners.

More recent studies, however, have shown that the

above scenario is inappropriate. Rather, OAs probably

originated as homogeneous metal-alloy grains which were

incorporated into CAI and chondrule precursor materials

(those in the former being particularly enriched in

refractory siderophiles), whereupon subsequent melting or

partial melting of the host led to the coalescence of

these molten grains into proto-OA alloys. As the CAIs and

chondrules cooled to around 770K (ibid.), the proto-OA

alloys exsolved into immiscible metallic phases which were

later modified by sulfidization and/or oxidation to

produce the multiphase assemblages seen today. Hence,

although these objects do not constrain pre-chondrule

(pre-CAI) histories, they should still serve to place

viable constraints on the low-temperature thermal

histories of chondrules (CAIs) as well as provide

information regarding sulfur and oxygen fugacities in the

cooling solar nebula/chondrite parent body.

The current chemical, mineralogical and petrographic

investigations of ZC have been only preliminary, and

future EPMA and ion-microprobe analyses are being

considered in order to help characterize this OA more

completely. Presently, ZC is seen to resemble a flattened
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Figure 5.1 Backscattered electron (BSE) image of a
polished section of ZC representing a cut through -1/4 of
the diameter. Note the fine-grained, homogeneous texture
and presence of a discontinuous rim of coarser-grained
material.
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Figure 5.2 Scanning electron micrographs of the external
surface of ZC. The bottom micrograph identifies a few of
the common minerals present (close-up of lower left
section of top micrograph); pentlandite (pn), magnetite
(mt), diopside (di).
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ovoid (1.4mm x 1.0mm x 0.7mm; see figures 5.1 and 5.2)

with a mass of 1.76 mg and a density of approximately 3.4

g/cm3 (which contrasts with the 2.84 g/cm3 observed for

>90 Mokoia silicate chondrules). It is comprised of a

fine-grained intergrowth of magnetite (Fe304, 45% by

area), with coarser pentlandite [(Fe,Ni)9S8, 43%] and

phosphate minerals (11%) [refer to figure 5.3], the latter

of which exhibit a unique and remarkable variety and

include some phases (i.e., Na- and Fe-rich, Ca-poor)

previously found only in iron meteorites (such as those

found in troilite nodules in IIIAB irons; Buchwald,

1984). These phosphates all contain appreciable Na, with

Na2O contents increasing from around 3% in whitlockite

[Ca9(Mg,Fe)H(PO4)7] to nearly 16% in panethite

[-Na1.7Mg0.5Fe1.5(PO4)2]. The largest of these phosphate

crystals are rarely homogeneous and as a group are

observed to have the following relative composition:

[(Na,Ca)1.0(Mg,Fe,Mn)2.5(PO4)2].

Upon close examination, ZC is seen to differ

considerably from Zelda which is itself spheroidal in

cross-section, -1 mm in diameter and consists largely of

pentlandite (30% by area), pyrrhotite (Fel_xS, 30%) and V-

magnetite (20%), with minor Ni-Fe metal (5%), Ca-phosphate

(5%, var. whitlockite), molybdenite (MoS2, 3%), and small,

refractory siderophile-rich phases (i.e., OsRu [5%] and

PtIr [2%] "nuggets"). Metal, Mo-sulfide and refractory-

rich nuggets have not been observed in ZC (further EPMA
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cross-sections may or may not identify them), and the

nearly pure magnetites in this OA exhibit much lower

concentrations of V and Cr with respect to Zelda (e.g.,

0.5%-0.8% Cr2O3 vs. 11% Cr2O3, respectively).

Additionally, pentlandites in ZC are slightly more Ni-rich

than those in the latter: (-Fe5.6Co0.1Ni2.8Cr0.1)S8 for

the ZC assemblage vs. -Fe6.3Co0.111i2.2(V,Cr)0.1S8] in

Zelda. One remarkable similarity between Zelda and ZC

lies in the rim material surrounding these assemblages (of

which only a small, discontinuous remnant occurs with ZC;

figure 5.1 and 5.3). Fe-rich olivine is the dominant

phase in each case and both exhibit a concentration of

-Fa55.

Elemental abundances for these OAs are plotted in

figure 5.4, and ZC is seen to exhibit nearly C1-like

(i.e., primitive and unfractionated) behavior,

particularly with respect to the refractory siderophile

elements. Such is not the case for Zelda, where these

elements (excluding W) are enriched nearly 1000-fold.

This significant contrast could be interpreted as an

indication that ZC originated in a different environment

(temporal and/or spatial) than that of Zelda and one in

which refractory siderophile fractionation was not a major

factor, thereby allowing ZC to retain its nearly pristine

signature.

Further disparities between these two assemblages

include the strong V-enrichment and relative W-depletion
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Figure 5.3 BSE images magnified from figure 5.1. Upper:
basic mineralogy of ZC's interior (and rim, left) with
coarse/white phases representing pentlandite, darker/fine-
grained material being magnetite, and large, black phases
composed primarily of phosphates. Lower: close-up of
rim/interior boundary showing some gradation between the
two.

Ca-phosphate L
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Figure 5.4 Spider plot of Zelda and ZC arranged in order
of increasing atomic number (left to right). ZC appears
largely unfractionated with respect to Cl meteorites
(i.e., it exhibits a nearly solar composition); from
Schilk et al. (1991).
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in Zelda, neither of which are manifested in ZC. The

latter phenomenon may be an indication that Zelda was

exposed to a much higher temperature (metamorphic?) and/or

oxygen fugacity than its cousin, where such an environment

could have resulted in the transfer of W (as W03) from the

OA into the surrounding silicates as observed empirically

by Palme et al. (1989) for artificially-produced metal

alloys. The common Mn depletions and enhanced V-content

in Zelda are still somewhat enigmatic, but these phenomena

may also be the result of an elevated temperature/fugacity

in its region of formation. In the latter case, many

investigators have observed higher V-contents in OAs

associated with CAIs (compared to those found in

chondrules), and such would seem to support the likelihood

of a chondrule host for ZC.

Blum et al. (1989) have proposed a scenario based on

the claim that all OAs from CV3 meteorites (i.e., CAI-,

chondrule- and matrix-hosted assemblages) equilibrated at

a similar temperature, with common oxygen and sulfur

fugacities, subsequent to their accretion onto a common

[or similar] parent body which was itself subject to

significant heating from the in situ decay of 26A1. Under

these conditions, any phosphorous present in the OA host

material would be highly siderophile and therefore

partition readily into the molten Ni-Fe alloy present.

Theoretically, the subsequent cooling of these parent

bodies would have allowed for the aforementioned alloy
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exsolutions at -770K to produce the proto-OAs while the

presence of sulfur and oxygen led to the subsequent

alteration of these objects (n.b., such a scenario would

also facilitate the reaction between P, 02 and some

volatile species of Ca to produce the phosphates which are

commonly observed in most OAs).

Based on the preliminary data from ZC such a scheme

does not seem unlikely, and the contrasts between ZC and

Zelda (and, as a consequence, between Mokoia and Allende)

suggests that these objects could have formed on the same

parent body with the latter having been buried somewhat

deeper, thereby experiencing higher temperatures and a

more severe environment (i.e., an enhanced degree of

oxidation and sulfidization). Although it is still

uncertain how ZC's higher phosphate content would fit into

this scenario, it may simply result from the expulsion of

volatile P-bearing species (P2O5 ?) from the deeper, warmer

regions where Zelda originated into the shallower depths

of ZC. At any rate, additional studies of ZC are

certainly warranted and such are likely to provide

quantitative constraints on the post-accretionary

equilibration conditions of CV3 chondrites as well as

information regarding chondrule/CAI formational history.

As a final note in relation to ZC, figure 5.5

compares some siderophile and chalcophile element

correlations which were established for the entire Mokoia

data set. While Co/Se, Fe/Co and Fe/Se ratios for ZC
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Figure 5.5 Siderophile and chalcophile element plots from
the Mokoia chondrule set which indicate the unusual
behavior of ZC (sample 59) with respect to the general
trends. Dashed regression lines were recalculated after
excluding the two obvious outliers, samples 16 and 59.
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Figure 5.5 (continued).
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Figure 5.5 (continued).
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(sample 59) are essentially equivalent to those determined

for the silicate chondrules from Mokoia, Ni/Se,Co,Fe

ratios are distinctly non-chondrule-like. These results

may indicate that ZC and the silicate chondrules shared a

single common precursor (e.g., factor #2 from chapter 3)

with an additional Ni-rich phase also contributing to ZC

(and sample 16); recall from table 3.3 that ZC contains

an "overabundance" of Ni (as well as Fe, Ir, Au, Co, Cr,

Ga and Se) with respect to the silicate chondrules.

Perhaps the proto-ZC represented an earlier separate of

this siderophilic chondrule precursor (+/- impurities)

which was transferred to the region of chondrule formation

and subsequently incorporated.

Clearly, further studies are still required in order

to adequately characterize ZC and understand its history

and how (if at all) it relates to other similar OAs like

Zelda. Future investigations regarding this unique object

are being discussed and include EPMA of additional cross-

sections in the hopes of locating any additional phases,

ion-probe analyses of individual Ca-phosphate grains for

REE characterization, and 0-isotope analyses of various

phases to determine any effects due to mass-dependent

fractionation and/or nebular oxygen reservoir mixing.
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6. SUMMARY AND CONCLUSIONS

Unequilibrated chondrites of the "CV" class, of which

Mokoia is a member, offer a unique and unbiased

opportunity to investigate some specific aspects of the

earliest stages of our solar system's history. The

chondrules found in these meteorites are commonly enriched

in many refractory lithophile elements and, regardless of

one's personal view of solar system genesis, it seems

reasonable to assume that such material directly

represents the earliest stable phases present in our

region of the Milky Way galaxy (i.e., the first species to

condense from hot matter or the last to survive complete

vaporization in an initially cold system). As a result,

it appears that Mokoia chondrules should serve quite well

as probes of this distant past, and thereby shed some

light upon the processes occurring and the materials

present at that time. INAA was the technique of choice in

this investigation due to its non-destructive nature and

particular suitability with regards to small samples, and

unusual objects were specifically looked for because of

the unique contributions they could make toward our

understanding of chondrite formation in general.

A number of potential mechanisms related to the

formation of chondrules were presented (i.e., "planetary"

vs. "nebular"), as well as a few empirically-established

parameters which are inherent to this process(es), e.g.,
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the pre-melting temperature of the precursors (-600-650K),

the duration of heating/melting (minutes to hours) and the

temperatures attained (-1475-1600K), probable cooling

rates (<1000 degrees C/hr), and the physical conditions of

the local environment (i.e., enhanced oxygen fugacity,

high chondrule number density, etc.). Based on these

parameters, and our limited knowledge of other planetary

surfaces (e.g., the lunar regolith), it was suggested that

the most likely mechanism for chondrule genesis was one

which occurred in a dust-rich, "nebular" setting (as

opposed to a "planetary" environment) and included some

pervasive high-energy event of limited duration that

operated on a relatively large scale (as required to

produce such an abundant constituent).

Mokoia data from the present study have lent

considerable support to many earlier claims regarding

chondrule/chondrite formation and have refuted a few

others, in addition to providing some entirely new

information on this topic. Mokoia mass (size) data are

indicative of some highly efficient process that yielded a

restricted chondrule (or precursor) size range, and one in

which a sorting contribution can not be definitely

precluded (although whether this phenomenon was induced by

gravitation or aerodynamics, or acted upon the chondrules

and/or their progenitors, is still somewhat uncertain).

Furthermore, crushing and comminution forces probably

played a significant role in the modification of
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chondrules and their precursors as well, and

quantification of the degree of sorting (Inman coefficient

<0.60) seems to preclude most of the "planetary" settings

offered to explain chondrule formation (i.e., those which

envision volcanic or impact ejecta as chondrule analogs).

Summarily, these results seem to support a scenario in

which nebular dust-balls (composed of interstellar matter)

condense, partially evaporate and recondense,

collide/comminute in a turbulent environment (as expected

in the early solar nebula) , and undergo subsequent

heating/melting (to produce chondrules) followed by some

as-yet-unknown means of size sorting.

The above scenario is also supported by the Mokoia

elemental frequency distributions whereby their simple,

unimodal natures imply an equally simple formational

process (e.g., one which would not lead to such complex

distributions as those expected from impact-generated

droplets originating from a heterogeneous regolith).

Barring any means of subsequent interchondrule elemental

homogenization, the likes of which are not expected in

this largely unequilibrated meteorite, these distributions

suggest a setting in which chondrules/precursors were

created from a locally homogeneous medium such as that

predicted for the canonical solar nebula.

Correlation analyses between chondrule masses and

volatile contents support earlier claims which indicate a

heating/melting event of very limited duration and/or a
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local environment of enhanced oxygen partial pressure,

either of which would restrict the loss of certain

volatile species (n.b., an elevated oxygen fugacity caused

by gravitationally-induced particle/gas fractionation is

also compatible with the above scheme). These results

point to some "transient" (i.e., relatively short-lived)

high-energy source as being responsible for chondrule

melting, but do not unequivocally identify the actual

source (e.g., statically induced lightning, a

superluminous [T-Tauri] phase of the Sun, changing

magnetic fields, etc.). Such information seems to refute

the possibility of slower direct condensation of solar gas

to liquid chondrules as a means of formation, and the

rapid convective transport out of a region of relatively

constant high temperatures into a nearby cooler region

does not seem very likely, either (further limiting the

type of heat source and local physical conditions).

The present study is the first of its kind to utilize a

"non-limiting" software package for factor analysis

determinations. As a result, a more thorough

characterization of Mokoia precursors was generated with

respect to earlier studies on similar objects (such as

Allende). Despite these earlier limitations, many

similarities were identified between these meteorites (as

well as a few minor disparities) which may indicate that

they were derived from the same parent body after

experiencing some local nebular inhomogeneities (temporal
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and/or spatial) or secondary modifications within the

parent. A comparison of the results of Mokoia and the

Ornans (CO3) meteorite suggest a possible spatial

relationship between these chondrite types, such that they

may have originated at equivalent radial distances from

the Sun but at different vertical locations. Furthermore,

it would appear that carbonaceous and ordinary chondrites

may not have sampled significantly different regions of

the solar nebula, and the current notion of these

meteorites as being highly disparate objects seems,

therefore, somewhat unrealistic.

Factor analysis results also appear to be incompatible

with any mechanism that includes the melting of pre-

existing multiphase rocks (e.g., volcanism or impact-

generated melting), but may lend support to direct

condensation of interstellar matter to produce chondrule

precursor materials. Despite the inherent problems

associated with direct equilibrium condensation scenarios,

the similarities between the species predicted and those

identified as Mokoia precursors cannot be dismissed as

simply fortuitous. Consequently, the young solar nebula

could have contained countless grains which originated

upon cooling of ejecta from a hot, energetic explosion of

a nearby star (or earlier-generation Sun) to produce mm-

to cm-sized, incoherent balls of dust. Such dust-balls

might have included refractory siderophile grains enclosed

in later-condensing refractory lithophile and metallic
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phases (the latter of which was partially attacked by a

subsequent sulfidization process), as well as some Mg-

silicates and a "common" lithophile phase (all of which

were identified in the factor analysis determination).

Conceivably, the melting of these multiphase dust-balls

would produce objects analogous to many naturally-

occurring chondrules.

Zelda's Cousin, the unique opaque assemblage found in

Mokoia, may serve to help place constraints on the low

temperature history of its host (chondrule ?) as well as

provide important information regarding the oxygen and

sulfur fugacities experienced within its actual chondrite

parent body. Similarities between this object and the

Zelda OA from Allende may support the aforementioned

"common parent" scenario in which Mokoia was buried at a

somewhat shallower depth and, hence, spared the more

severe metamorphic conditions of Allende.

At any rate, further work is absolutely necessary in

this area and the present study can only be considered

partially complete without the benefit of petrographic

observations to support the above claims regarding

chondrule formation. EPMA of all activated chondrules are

suggested in order to compare bulk chemistry with modal

mineralogy, and to investigate mineral habit, interphase

relationships, mineral zonation/element diffusion

characteristics and other critical parameters. An

intensive search for unmodified precursor remnants in
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partially melted chondrules is imperative and should also

be initiated, and EPMA of additional cross-sections

through Zelda's Cousin are clearly warranted as well as

ion-microprobe characterization of its unique phosphate

phases. A thorough 0-isotope study of these chondrules

(and Zelda's Cousin) and their constituents for the

purpose of determining the extent of mass-dependent

fractionation and/or reservoir mixing is recommended.

Furthermore, previous factor analysis studies are only

cursory at best and should be re-initiated using suitable

software that does not exclude viable data (e.g.,

STATGRAPHICS, v4.0), and compared with the results of this

study in order to more fully understand the

interrelationships which exist between the various

chondrite classes. Clearly, the present investigation has

produced more new questions than answers, yet it is hoped

that such questions will act as catalysts for future

studies and, if such is the case, then this research will

have fulfilled its primary purpose.
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Table A.1 Mokoia
uncertainties for ea

variable 32 33 34 35 36

Ti (%) 0 0.14 0.16 0.13 0.09 0.12

Al (%) 1) 1.47 1.93 2.46 1.39 1.41

Fe (%) 22 6.1 13.7 11.3 25.7 12.5

Mg (1) 13 20.4 20.9 16.7 14.8 22.1

Ca (%) 3 1.4 2.2 2.8 1.6 1.1

Na (%) 03 0.53 0.51 0.48 0.33 0.74

Mn (%) 0.43 0.11 0.08 0.15 0.26

V (ppm) 2 94 115 101 74 89

Sc (101m)
10.6 14.2 19.0 8.6 10.8

La (ppm) 5 0.6 0.9 0.4 0.5

Sm (ppm) 62 0.32 0.43 0.51 0.30 0.32

Eu (ppm) CO 0.18 0.17 0.17 0.11

Yb (ppm) C2 0.47 0.34 0.50 0.48 0.27

Lu (ppm) C2
0.07 0.15 0.05 0.04

Ni (%) (4 0.08 0.60 1.29 1.36 0.03

Cr (%) ;2 0.49 0.30 0.33 0.34 0.44

Co (ppm) 0 39 384 501 664 34

Ga (ppm) 0.1 0.7 1.0 0.6

Se (ppm) 1.3 13.2 14.3

Br (ppm) 1.62 0.79

Ir (ppm) 0.64 1.84 0.59 0.01

Au (ppm) 0.05 0.13

Ho (ppm) 3 0.06 0.07 0.05

Os (ppm) 0.24 1.17 0.23

mass (mq) 04 0.852 6.762 16.354 5.484 5.171

phi (max) -1.1 -1.3 -0.77 -0.77

phi (aye)

density
(q /cc) 2.9

-0.62

1.0

-1.3

2.3

-0.53

3.2

-0.55

3.2
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variable 77 78 79 80 82 84

0.16 0.16 0.12 0.06 0.23 0.13
Ti (5) p2

Al (%) 30
1.50 1.96 1.41 1.19 2.85 1.70

Fe (5) 13
17.0 6.8 19.0 27.5 16.8 18.7

Mg (%) 19
21.9 27.9 20.3 14.2 16.5 18.1

Ca (9) 8 1.0 2.4 1.2 1.3 2.9 1.5

Na (%) 6 0.29 0.24 0.13 0.37 0.31 0.31

Mn (9) 0.09 0.08 0.09 0.13 0.08 0.09

V (PPm)
3 117 125 92 71 93 94

Sc (ppm) -0
,

12.9 12.1 9.7 8.0 24.5 11.8

La (ppm) 5 0.5 0.4 0.4 0.4 1.1 0.5

Sm (PPm)
0.38 0.51 0.29 0.26 0.87 3.36

Eu (ppm) C
4 0.13 0.21 0.12 0.14 0.20 0.14

Yb (ppm) (
7 0.54 0.47 0.40 0.34 0.76 0.36

Lu (ppm) (
6 0.04 0.05 0.10 0.04 0.04

Ni (%) :2 12 0.32 0.78 1.31 1.33 1.11

Cr (%) (4 0.41 0.30 0.38 0.33 0.40 0.42

Co (ppm) 5 558 148 552 670 547 556

Ga (ppm) 1 0.2 0.1 0.3 0.2

Sc (ppm) 2 3.1 4.6 9.3 9.0

Br (ppm) 1.27 5.72 .63

Sr (ppm) 2 0.51 0.11 0.78 0.49 2.43 3.51

Au (ppm) )3 0.07 0.02 0.08 0.07 0.11

No (ppm) 14 0.10 0.02 0.05 0.07

Os (ppm) 0.21 0.25 0.20 9.42

mass (mc7) 234 2.373 1.786 2.238 2.054 3.493 3.791

phi (max) -4-7 -0.49 -0.26 -0.58 -0.38 -0.68 0.15

phi (aye)

density

_ -0.6 -0.18 -0.26 -0.18 -0.52 3.45

2.4 2.6 2.3 4.0
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variable 10C 11C 12C 13C 14C 15C

Ti (%) 0.09 0.23 0.09 0.07 0.28 0.07

Al (%) -23
1.89 10.41 1.79 1.07 6.28 1.23

Fe (5) 72-
9.4 6.2 2.7 11.4 7.0 6.7

Mg (%) 24.7 10.9 20.6 25.2 14.3 31.8

Ca (5) 3 1.6 5.5 1.3 1.1 5.2 1.1

Na (5) -1 0.22 1.00 0.60 0.10 0.68 0.33

Mn (1) 0.08 0.05 0.33 0.04 0.11 0.09

V )
(ppm 0 115 404 107 62 294 78

Sc (ppm) 12.2 22.1 13.5 7.0 25.0 9.8

La (ppm) 6 0.5 4.1 0.5 0.3 3.3 0.3

Sm (pp m) 0.36 2.53 0.38 0.18 2.25 0.26

Eu (ppm) 8 0.18 0.44 0.12 0.09 0.41 0.14

Yb (ppm) ,0 0.18 0.72 0.41 0.12 0.79 0.27

Lu (ppm) .1 0.03 0.07 0.06 0.03 0.04 0.04

Ni (5) .6 0.70 0.29 0.03 0.72 0.41 0.30

Cr ;0 0.36 0.24 0.60 0.30 0.30 0.31

Co (ppm) )1 355 190 16 418 231 190

Ga (ppm) 5 0.6 0.4 0.2 1.5 1.1 0.2

Se (ppm) 9 3.2 5.4 4.5 2.9 5.2

Br (ppm) .27 0.57 2.72 0.64 2.02

Ir (ppm .16 0.29 0.60 0.02 0.10 0.40 0.10

Au (ppm) .27 0.04 0.17 0.06 0.06 0.02

Ho (ppm) .11 0.07 0.13 0.07 0.09 0.17 0.05

Os (ppm) .71 0.10 0.35 0.04 0.14

mass mg) 3354 10.836 4.476 14.848 21.072 15.008 1.599

phi 7-,ax) _58 -1.3 -1.0 -1.1 -1.2 -1.3 0

phi ,Ive)

density

_53 -0.93 -0.74 -1.0 -1.2 -1.1 0.10

3.2 1.9 3.2 .3 2.9 3.8
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variable 14A 15A 16A 17A 18A

Ti (%) C 0.17 0.11 0.12 0.34 0.16

Al (%) IS 4.52 2.08 1.25 4.03 3.18

Fe (%) A 12.3 7.5 4.2 21.3 7.9

Mg (%) -',9 17.4 30.4 32.7 18.7 24.4

Ca (%) 9 2.7 1.5 0.9 2.0 3.2

Na (%) 0.36 0.54 0.36 2.02 0.52

Mn (%) 4 0.06 0.10 0.08 0.22 0.12

V (ppm) 6 100 170 91 156 111

Sc (ppm) 6 14.6 14.3 13.6 22.2 18.0

La (ppm) 5 1.5 0.7 0.4 1.6 1.0

Sm (ppm) ',5 1.26 0.54 0.28 0.89 0.71

Eu (ppm) (6 0.23 0.20 0.09 0.36 0.27

Yb (ppm) 7 0.49 0.69 0.20 0.30 0.63

Lu (ppm) 0.08 0.13 0.04 0.14 0.11

Ni (%) 0.72 0.40 0.18 0.07 0.34

Cr (%) 0.34 0.35 0.30 0.54 0.38

Co (ppm)
2 404 258 110 78 222

Ga (ppm)
3 0.7 0.2 0.2 0.1

Se (ppm) 7

Br (ppm) 7 1.48 1.06 0.78

Ir (ppm) 0 0.66 0.97 0.11 0.02 1.05

Au (ppm) 5 0.06 0.05 0.02 0.07

Ho (ppm) 7 0.10 0.11 0.03 0.13 0.06

Os (ppm) 0.43 0.72 0.70

mass (mq) 1.830 0.794 1.902 0.195 2.137

phi (max) -0.38 0.32 -0.38 i.2 -0.14

phi (ave)

density

1 -0.18 0.45 -0.18 1.3 -0.14

3.9 3.1
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variable 19A 20A 21A 22A 23A 24A 25A 26A
approximate

uncertainty (%)

Ti (%) 0.23 0.14 0.19 0.22 0.12 0.09 0.19 9-30

Al (%) 0.83 3.38 2.09 2.24 3.95 2.10 1.64 2.39 1-5

Fe (%) 13.4 6.8 22.3 13.0 12.0 14.9 21.3 11.4 1-15

Mg (%) 35.5 26.2 23.6 19.3 14.8 16.2 7.9 20.9 1-14

Ca (%) 3.0 2.0 2.2 3.7 1.9 1.7 2.6 5-29

Na (%) 0.21 0.62 0.14 0.24 0.43 0.30 0.37 0.27 1-35

Mn (%) 0.06 0.07 0.05 0.09 0.09 0.12 0.12 0.11 0-5

V (ppm) 117 119 154 134 193 90 71 152 2-10

Sc (ppm) 7.6 26.0 14.8 16.6 31.0 14.8 9.6 19.3 1---)

La (ppm) 0.2 1.0 0.5 0.7 1.2 0.6 0.6 0.7 1-25

Sm (ppm) 0.17 0.76 0.42 0.45 0.76 0.40 0.34 0.50 1-20

Eu (ppm) 0.27 0.32 0.15 0.26 0.36 0.18 0.12 0.17 2-30

Yb (ppm) 0.77
0.70 0.51 0.78 0.56 0.51 0.56 8-30

Lu (ppm) 0.17
0.12 0.08 0.14 0.07 0.04 0.10 5-30

Ni (%) 0.86 0.45 0.75 0.75 0.54 0.63 0.71 0.61 1-19

Cr (%) 0.46 0.33 0.38 0.28 0.28 0.32 0.26 0.40 1-2

Co (ppm) 530 240 516 454 382 458 491 385 1-6

Ga (ppm) 0.2 0.1 1.4 2.3 1.2 12.2 0.8 1-20

Se (ppm) 2.4 4.9 4.7 4.9 3.5 2.9 12-29

Br (ppm) 1.17 1.32 1.58 1.40 7.94 2.35 13-29

It (ppm) 0.76 1.83 1.28 0.90 2.04 0.84 0.82 1.89 1-10

Au (ppm) 0.27 0.13 0.10 0.06 0.27 0.10 0.04 1-25

Ho (ppm) 0.06 0.17 0.04 0.13 0.14 0.09 0.05 0.15 11-30

Os (ppm) 1.42 0.91 1.03 1.27 1.20 0.48 . 0.38 1.03 10-30

mass (mg) 0.216 1.246 0.744 4.754 6.824 14.310 21.776 3.810

phi (max) 0.74 0 0.32 -0.58 -1.0 -1.1 -1.4 -0.58

phi (aye)

density

0.91 0 0.45 -0.58 -0.77 -1.0 -1.3 -0.55

2.8 2.4 3.6 2.7 2.7 3.2 3.0 2.3



Figure A.1 Mokoia chondrule frequency distributions.
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Figure A.2 Mokoia chondrule box-and-whisker plots.
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