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ABSTRACT

Calcium-Aluminum-rich inclusions (CAI), found in meteorites, are among the
oldest known solids identified in the solar system. Analyses of CAI have provided
constraints on physical and chemical conditions that existed just prior to, and during
planetary formation. A few rare inclusions, called FUN (for Fractionation and
Unknown Nuclear effects), exhibit large isotopic anomalies and have provided
insight into nucleosynthetic and nebular processes.

In this thesis, ’data obtained on the petrography, chemistry and isotopic
compositions of CAI, identified in the carbonaceous chondrite Alicnde, are used as
tracers to address several specific questions: 1) What are the relationships between
fine and coarse-grained CAI? 2) What are the differences, in composition and
origin, between FUN inclusions and isotopically normal CAI? 3) What was the
role of volatility-controlled processes, such as distillation and condensation, in the
evolution of CAI? 4) What was the role of chemical alteration and isotopic
reequilibration in the evolution of CAI?

Isotopic data were obtained by thermal ionization and ion microprobe mass
spectrometry for individual grains within both fine and coarse-grained CAI, and
correlated with petrographic and chemical observations. Evidence is presented for
the enrichment of fine-grained inclusions in the lighter isotopes of Mg, in contrast
to coarse-grained CAI, which are enriched in the heavier isotopes. Isotopic

heterogeneity was observed within both fine and coarse-grained inclusions.
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Heterogeneity is discussed in the context of primary and secondary phases, mineral
alteration processes, and isotopic reequilibration.

A new class of coarse-grained inclusion, characterized by a distinct purple color
and high spinel contents (250%), were identified and found to exhibit a high
frequency  (20%) of FUN isotopic anomalies. Four new FUN inclusions were
identified and studied in detail. The correlated isotopic fractionation for Mg, Si,
and Cr in these inclusions, suggests the importance of volatility-controlled formation
processes. A model is presented for the evolution of FUN inclusions, involving
distillation of ordinary chondritic material, with a mass loss of around 70%,
followed by exchange with isotopically normal reservoirs. The high spinel contents
and large isotopic fractionation of these inclusions, may indicate that they formed at

higher temperatures than isotopically normal CAL
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Figure 1.1a. Fine-grained inclusion AICI1-E from Allende (4 x 14 mm), consisting

Fe-rich spinel, fassaite and anorthite, with a white mantle of anorthite and diopside.

Figure 1.1b. Coarse-grained inclusion in Allende, with a diameter of 5 mm. HBI

is a purple, spinel-rich inclusion, with major phases spinel and melilite.



CHAPTER ONE
INTRODUCTION

Meteorites have proven important because they retain a record of early solar
system formation events, all traces of which have been destroyed in larger planetary
bodies by processes such as melting, chemical differentiation, and outgassing.
Experimental studiés of meteorites provide insight into physical and chemical
conditions in the presolar nebula, as well as later events, including the formation of
proto-planetary bodies, fragmentation, brecciation, collisional shock, and chemical
alteration.

Meteorites exhibit isotopic compositions for many elements which are distinct
from those in terrestrial materials. Isotopic variations in meteorites can be used as
tracers to investigate solar system formation processes. For example, the solar
nebula was previously believed to have been isotopically homogeneous; however,
discoveries of unusual isotopic compositions in meteorites indicate incomplete
mixing of distinct components in the solar nebula. Isotopes are used to investigate
the degree of heterogeneity in the presolar nebula, the possible mixing of
isotopically distinct reservoirs, timescales for the formation of solid bodies, and the
physical processes such as condensation and evaporation which acted on the

evolving proto-solar system.
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A remarkable increase in knowledge about the early solar nebula occurred after
the identification in chondritic meteorites of refractory inclusions, which appear to
be primitive materials formed early in the history of the solar system (review by
Grossman, 1980). This thesis presents new chemical, isotopic and petrographic data
for refractory meteoritic inclusions. The data are used to develop constraints on
processes involved in the formation of these inclusions, and to draw new insights

into physical and chemical conditions that must have existed in the presolar nebula.

1.1. BACKGROUND

Carbonaceous meteorites consist predominantly of fine-grained silicate matrix,
surrounding olivine-pyroxene chondrules and fragments. Refractory mineral
assemblages termed Calcium-Aluminum-rich Inclusions (CAI), were first identified
in the Allende meteorite, a carbonaceous chondrite of Type C3V, which struck
Mexico in 1969 (Clarke et al., 1970; Marvin et al., 1970).

Ca-Al-rich inclusions are millimeter to centimeter-sized, white or pink objects
(Figuré 1.1), which consist predominantly of refractory minerals such as melilite, Ti-
pyroxene, anorthite, spinel, and perovskite (Grossman, 1975, 1980). Measured
chemical compositions and mineralogy are similar to those calculated from
thermodynamic models, for the condensation of phases from a cooling gas of solar
composition (Lord, 1965; Grossman, 1972), prompting suggestions that CAI may
represent early condensates from the solar nebula (Larimer and Anders, 1970;

Boynton, 1975).  Subsequent petrographic and isotopic observations indicated that



4
the inclusions are indeed primitive, but are not simply direct nebular condensates;
rather they appear to have undergone multiple-stage processing including melting,
distillation and chemical alteration (cf. Clayton et al., 1977; Meeker et al., 1983).

Isotopic data reveal that Ca-Al-rich inclusions are among the oldest known
solids identified in the solar system. CAI yield the most primitive *Sr/**Sr isotopic
ratios ever measured (Gray et al., 1973), and *’Pb/*Pb model ages as old as 4.565
billion years (Chen and Tilton, 1976; Tatsumoto et al., 1976; Manhes et al., 1987).

Early formation of these inclusions in the ‘solar nebula is further supported by
measurements in many CAI of excesses in Magnesium-26, attributed to in situ
decay of the short-lived isotope Al (Lee et al., 1976, 1977; Wasserburg and
Papanastassiou, 1982). This observation requires that refractory inclusions formed
within a few million years after a late-stage episode of nucleosynthesis contributed
material to the proto-solar cloud. Evidence for early formation is preserved in CAI
despite indications of later chemical alteration.

The primitive character of Ca-Al-rich inclusions is further substantiated by
observations of large isotopic anomalies for oxygen (Clayton et al., 1973), as well
as for heavier elements such as Ca, Ti and Cr (reviews by Lee, 1979; Wasserburg
et al.,, 1980). These anomalies for heavy elements indicate that the inclusions retain
evidence of several distinct nucleosynthetic components, which were homogenized in
later-forming solar system materials. The nucleosynthetic origin of isotopic
anomalies has been investigated by comparing observed patterns, with those
predicted from theoretical astrophysical models (Niederer et al., 1980; Birck and

Allegre 1984; Papanastassiou, 1986).



There are two distinct classes of Ca-Al-rich inclusions: coarse-grained and fine-
grained. These classes are distinguished by grain size, petrographic textures, and
mineralogy (Clarke et al., 1970; Grossman 1975). Most petrographic and isotopic
studies have concentrated on coarse-grained inclusions. A petrographic classification
of coarse-grained CAI is presented by Grossman (1975). Coarse-grained inclusions
consist predominantly of refractory mineral phases (of grain size 100 pm to 1 mm),
such as melilite, fassaite, anorthite, perovskife and spinel (review by Grossman,
1980). Inclusions also contain numerous opaque assemblages of metal alloys,
sulfides, oxides and phosphates, which are enriched in refractory siderophile
elements (El Goresy et al., 1978). Textures of many inclusions indicate that they
have undergone melting (Blander and Fuchs, 1975; Stolper, 1982), and varying
degrees of nebular alteration or planetary metamorphism (Clayton et al., 1977,
Meeker et al., 1983). In addition, inclusions are often surrounded by a sequence of
thin rims containing lower-temperature phases similar to those observed in fine-
grained inclusions: Fe-bearing spinel, perovskite, feldspathoid and hedenbergite
(Wark and Lovering, 1977; MacPherson et al., 1981).

Fine-grained inclusions are also abundant in the Allende meteorite (=9 volume
percent estimated by Clarke et al., 1970), but have not been as well-studied due to
technical difficulties in analyzing grains of sizes 0.5 to 100 pm. Fine-grained
inclusions are loosely-packed collections of refractory phases (spinel, fassaite,
anorthite and hibonite), coupled with lower-temperature Fe- and Na-rich phases such

as hedenbergite, hercynite, nepheline and sodalite. The presence of these Fe and
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Na—riéh phases suggests evolution of fine-grained inclusions to lower temperatures
than coarse-grained inclusions. In spite of this evidence for chemical alteration,
many fine-grained inclusions retain large isotopic fractionation effects.

Fine-grained inclusions differ from coarse-grained inclusions in their enrichment
of volatile elements, in their depletion of refractory and volatile siderophile elements
(Grossman and Ganapathy, 1976), and in exhibiting fractionated rare earth element
patterns (Mason and Martin, 1977). The mechanisms of formation, and the
relationships between coarse-grained and fine-grained inclusions, have not been well-
understood. One aim of this thesis is to relate and compare the processes likely to
have influenced the formation of fine and coarse-grained inclusions.

A few rare coarse-grained Ca-Al-rich inclusions, called FUN (for Fractionation
and Unknown Nuclear effects) have provided insight into a broad range of
nucleosynthetic and nebular processes. FUN inclusions were first identified by their
large isotopic fractionation for magnesium and oxygen, and by apparent deficits in
»Mg (Clayton and Mayeda, 1977; Wasserburg et al., 1977).

The large mass-dependent fractionation observed for O and Mg in FUN
inclusions, as well as for Si, Ca and Cr, have provided insight into early nebular
processes involving condensation, evaporation, and the mixing and preservation of
isotopically-distinct reservoirs (Clayton et al., 1975; Niederer and Papanastassiou,
1984).

FUN inclusions exhibit isotopic anomalies for all elements measured: O, Mg,
Si, Ca, Ti, Cr, Sr, Ba, Sm (cf.,, review by Lee, 1979; Wasserburg et al.,, 1980;

Niederer et al., 1980; Papanastassiou, 1986). The patterns for nuclear anomalies are
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correlated over relatively broad regions of the chart of the nuclides, and have been
attributed to the preservation of isotopic signatures of distinct nucleosynthetic
components (cf. reviews by Wasserburg et al.,, 1980; Begemann, 1980). Nuclear
anomalies provide information on the degree of primordial heterogeneity in the early
solar nebula, and constraints on stellar models of nucleosynthesis. Part of this

thesis involves a search for, and characterization of, a new class of FUN inclusion.

1.2. THESIS APPROACH

This thesis atterhpts to use isotopes as tracers to address several problems: 1)
the relationship between fine-grained and coarse-grained Ca-Al-rich inclusions; 2)
the formation of FUN inclusions and their relationship to isotopically normal
inclusions; 3) the role of volatility-controlled processes, such as distillation and
condensation, in the evolution of CAI; 4) the degree of mixing of isotopically-
distinct reservoirs in the presolar nebula; and 5) the role of isotopic reequilibration
and low-temperature chemical alteration in the evolution of CAIL

In the course of this work, I have identified a new class of coarse-grained
inclusions, which exhibit an unusually high abundance of FUN isotopic anomalies (=
20% of inclusions analyzed), compared to fewer than 6% of typical coarse-grained
inclusions. These inclusions are identified by macroscopic characteristics, including
a distinct purple color and high spinel contents (Figure 1.1b). A study was
undertaken of the new FUN inclusions to characterize their petrography and isotopic

composition; and to understand their relationship to isotopically normal CAL
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The thesis presents experimental data obtained on the petrography, chemistry
and isotopic composition of both coarse and fine-grained Ca-Al-rich inclusions, and
attempts to interpret these data in the context of models for the formation and
alteration of the inclusions. The experiments involved measuring in situ isotopic
compositions for individual phases in inclusions, and correlating these data with
chemical and petrographic observations. Isotopic fractionation measurements were
obtained for several elements (Mg, Si, Cr, Fe), and a search for correlated
fractionation effects was undertaken, in order to determine the importance of
volatility-controlled processes. The degree of variation of isotopic fractionation from
mineral to mineral within an inclusion is used to constrain the degree of isotopic re-
equilibration and the extent of secondary alteration reactions.  Isotopic and
petrographic data are also used to distinguish primary and secondary phases.

Experimental studies of both fine and coarse-grained CAI entailed an initial
isotopic survey of a large number of inclusions. Mg isotopic compositions were
determined by thermal ionization mass spectrometry, to identify inclusions with large
isotopic effects.  Special techniques were required for handling fine-grained
materials, and extremely small sample sizes.

Petrographic observations were obtained by optical microscopy and by scanning
electron microscopy. Chemical abundances were measured by energy dispersive x-
ray analysis, and by instrumental neutron activation analysis.

The ion microprobe was used for a more detailed study of the isotopic
compositions of individual phases in inclusions, which exhibited large isotopic

effects. The aim of the ion probe studies was to: 1) determine variations in



9
fractionation from mineral to mineral within an inclusion; 2) correlate isotopic
measurements with petrography or mineral chemistry; 3) measure fractionation in
secondary phases and regions of alteration; 4) search for correlated fractionation for

several elements; and 5) determine the presence of excess *Mg.
1.3. THESIS SCOPE

This thesis consists of two distinct parts. The first part describes the
petrography and isotopic composition of a group of spinel-rich, coarse-grained
inclusions, which cxhibit an unusually high abundance of FUN isotopic anomalies.
The second part deals with the petrography, chemistry and magnesium isotopic
characteristics of fine-grained inclusions. A summary of the contents of each thesis
chapter follows.

The physical principles of isotope systematics are presented in Chapter 2. The
first part of the chapter deals with mass-dependent fractionation; including physical
processes that fractionate isotopes, such as distillation and condensation.
Fractibnation is considered in terms of equilibrium and kinetic processes. A
detailed presentation is given for the Rayleigh model, which allows calculation of
isotopic  profiles resulting from fractional distillation and condensation.
Complications to this model, including the mixing of reservoirs and evolution by
multistage processes, are discussed. Isotopic fractionation laws are also reviewed.

The second part of Chapter 2 reviews the use of short-lived radionuclides (such

as Pu, I and %Al) to constrain the time interval between addition of
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nucleosynthetic material to the solar nebula and formation of CAIL  Isotopic
systematics for radiogenic nuclides, and the means for determining in situ radiogenic
effects are also presented.

Chapter 3 presents the analytical techniques used in this work, including criteria
for the selection and sampling of inclusions for study, and techniques for preparing
samples for petrographic and isotopic analysis. @ Thermal ionization and ion
microprobe instrumentation are presented in de_tail. The chapter also discusses how
standards are used to determine instrumental fractionation, in order to estimate
isotopic precision and reproducibility, and to determine the magnitude of isotopic
effects intrinsic to tl;e samples.

Chapter 4 presents petrographic, chemical and isotopic data for Purple, Spinel-
rich coarse-grained Inclusions (PSI), which exhibit a high frequency of FUN isotopic
anomalies. Four new FUN inclusions were identified and studied in detail. Ion
probe measurements of Mg, Si, and Cr isotopes are reported for individual phases.
Correlated isotopic fractionation for the elements suggests the importance of
volatility-controlled processes. Extreme isotopic heterogeneity is observed within the
inclusions. A model is presented for the evolution of FUN inclusions by distillation
of ordinary chondritic material, followed by reaction with isotopically normal
material to produce isotopically heterogeneous compositions.

Isotopic and petrographic data are presented in Chapter 5 for opaque
assemblages within the coarse-grained inclusions. The first in situ measurements of
Mg, Cr and Fe isotopic compositions of opaque assemblages in FUN inclusions are

reported. The data are used to constrain processes involved in the evolution of
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opaque assemblages, such as element transport and secondary alteration reactions.

Chapter 6 describes petrographic, chemical and Mg isotopic data obtained for
fine-grained Ca-Al-rich inclusions. Evidence is presented for enrichment of the fine-
grained inclusions in the lighter isotopes of Mg, in contrast to coarse-grained
inclusions - which are enriched in the heavier isotopes.  Substantial isotopic
heterogeneity for Mg was observed within individual inclusions. These data are
used to distinguish primary and secondary phases, and to constrain mineral alteration
processes and isotopic reequilibration. A multistage model for the evolution of fine-
grained inclusions is presented.

In conclusion,/ the experimental data presented in this thesis indicate distinct
isotopic compositions for the coarse and fine-grained CAL. The FUN inclusions
examined in this study exhibit large isotopic fractionation for Mg, Si, Cr and Fe, as
well as substantial nuclear effects for Ca, Ti and Cr. The large fractionation effects
and the refractory chemical compositions of the FUN inclusions may result from
distillation of chondritic material. The fine-grained CAI can be understood as
recondensates. Detailed formation models are presented in this thesis. I[sotopic
heterogeneity in both fine and coarse-grained inclusions indicates varying degrees of

equilibration with normal material.
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CHAPTER TWO
ISOTOPE SYSTEMATICS
2.1. INTRODUCTION

Isotopic variations in Ca-Al-rich inclusions can be categorized as: 1) fractionation
effects; 2) radiogeni;: anomalies due to the decay of unstable nuclei; and 3) nuclear
anomalies involving excesses or deficits in individual isotopes. The emphasis of
this work has concerned mass-dependent isotopic fractionation. This chapter reviews
the physical principles and models dealing with isotopic fractionation.

Isotopic fractionation occurs when an element is partitioned among various
reservoirs by chemical exchange reactions, or by physical processes such as
distillation, condensation or diffusion. Fractionation will be considered in terms of
equilibrium and kinetic processes. All isotopic fractionation effec_:ts discussed in this
chapter are observed to be mass-dependent; although non-mass-dependent
fractionation has been reported for chemical reactions involving oxygen.

A Rayleigh model, which describes isotopic fractionation resulting from fractional
distillation or condensation, is detailed, and used to model the physical processes
involved in the formation and evolution of CAL. The Rayleigh model can provide

an estimate of the degree of evaporation required to produce the magnitudes of
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isotopic fractionation observed for CAL
Finally, the isotope systematics of radioactive decay are reviewed, with an
emphasis on short-lived nuclides, which were present in the early solar system, but
are now extinct. Radiogenic anomalies due to the decay of the short-lived nuclide

%Al are discussed.
2.2. DEFINITIONS

The fractionation factor o, is defined as the quotient resulting from dividing the
ratio of the number/of isotopes i, j in phase A (R%, = N, / N')), by the ratio of the
number of isotopes i, j in phase B (R% = N¥; / Np):

o = RY, / RY% = (N, / N / (N5 / N3y).
Isotopic compositions are reported relative to the isotopic ratio of a standard, in
delta notation (in permil or parts per thousand):
8% = {(R% / R - 1} x 10°,
where RY, is the isotopic ratio of a standard. For small fractionation, 8-values and
the factor a5 are approximately related by:
3%, - 8% = AV, = 10° Ina,.

For this work, measured or unnormalized isotopic ratios, are reported as A-values
expressing the deviation (in permil) of the measured isotopic ratio for the sample
(R3,), relative to the normal value (RY), determined by measurements of standards:

A = {(R¥,/ RY) - 1} x 10° (in permil).
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Isotopic fractionation is reported as deviations of the measured isotopic ratios per
mass unit: F = A"/ (m - m) (in permil per amu),
where m;, m; are the masses of isotopes i and j.

Nuclear anomalies, which are also called nonlinear effects, are defined as
excesses or deficits in individual nuclides, which are superimposed upon the general
mass-dependent fractionation trend. -In this work, &-values will be used only to
report nonlinear effects, after mass-dependent fractionation effects have been
removed:

&, = {(R*, /R*) - 1} x 10* (in permil).
where R* is the isotopic ratio after correction for mass fractionation, using the
fractionation laws discussed in Section 2.3.6.

In order to resolve nuclear anomalies, the element must have at least three
isotopes; however, the assignment may not be unique for small effects if there are
only three isotopes. Figure 2.1 illustrates isotopic fractionation for Mg, which has
three isotopes of masses 24, 25 and 26. Positive fractionation is defined as an
enrichment in the heavier isotopes (Figure 2.1b); negative fractionation as an
enrichment in the lighter isotopes (Figure 2.1c). Figure 2.1d illustrates excesses in
*%Mg superimposed upon the isotopic fractionation trend, as determined by the
“Mg/#Mg ratio. For example, the decay of radiogenic *Al may result in excesses
in ®Mg. If the mass-dependent fractionation trend had instead been determined
from the *Mg/*Mg ratio (Figure 2.le); then the nonlinear effect would appear as a
deficit in *Mg, of a magnitude half that observed for the excess in *Mg in Figure

2.1d: Mg = Mg = -26*Mg.
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Figure 2.1. Schematic diagrams illustrating isotopic fractionation and nonlinear
isotopic anomalies for Mg. Mg has three isotopes of masses 24, 25, 26, with
approximate abundances of 79%, 10% and 11%, respectively. Figure 2.1a arbitrarily
assigns equal abundances to the three isotopes of Mg, and for illustration purposes
this will be considered the normal distribution. Figure 2.1b portrays positive
fractionation, with an enrichment in the heavier isotopes; while Figure 2.1c shows
negative fractionation, with an enrichment in the lighter isotopes. Figure 2.1d
illustrates a nonlinear anomaly consisting of an excess in Mg superimposed upon
the positive fractionation trend, assuming that fractionation is determined by the
ratio of masses 25 and 24. In Figure 2.le, fractionation is instead determined from
the *Mg/*Mg ratio, and the nonlinear anomaly appears as a deficit in 25, but with
a magnitude half that of the *Mg excess in Figure 2.1d. The assignment is not

unique for small effects, if there are only three isotopes.
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23. ISOTOPIC FRACTIONATION
2.3.1. PHYSICAL AND CHEMICAL PROCESSES

Isotopic fractionation occurs when an element is partitioned among various
reservoirs, usually by a mass-dependent process, resulting in reservoirs which
contain different proportions of the isotopes of that element. The characteristic
signature of mass-dependent isotopic fractionation is a smooth dependence of
isotopic effects on £he mass difference of the isotopes, such that the magnitude of
fractionation between species of masses M and M+2 is approximately twice as large
as the fractionation between masses M and M+1. Large deviations of individual
isotopes from this generally linear trend cannot be caused by small degrees of mass
fractionation, and are attributed instead to nuclear anomalies (Figure 2.1).

Chemical and physical processes which produce isotopic fractionation include:

1) Isotopic exchange reactions, in which the isotopes of an ‘element are
redistributed between different chemical substances;

2) Kinetic or unidirectional reactions, which depend upon differences in the
reaction rates of molecules containing different isotopes; and

3) Physical Vprocesses, including condensation, evaporation, melting,
crystallization and diffusion.

Mass-dependent isotope fractionation occurs because the physical and chemical

properties of molecules are dependent upon the masses of their constituent atoms.
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This mass-dependence is attributed to quantum-mechanical effects, involving
differences in vibrational energy, as discussed below.  Quantum mechanical
calculations attribute different zero-point energies to molecules which are chemically
identical, but contain atoms of different isotopic weights.  (Zero-point energy
denotes the energy of a molecule above the minimum of the potential energy curve
at an absolute temperature of zero.) Molecules containing heavier isotopes have
lower zero-point energies; therefore, more energy is required to dissociate these
heavier molecules, and they react less readily than species containing lighter
isotopes.

Non-mass-dependént isotope fractionation effects, such as those chemically
produced during the synthesis of ozone by electrical discharge (Thiemens and
Heidenreich, 1983), have been attributed to the effect of isotope substitution
(symmetrical or nonsymmetrical) on the number of available rotational states (Robert

et al., 1983).
2.3.2. EQUILIBRIUM ISOTOPIC FRACTIONATION

Isotopic fractionation occurs between phases in thermodynamic equilibrium, if the
free energies of the phases depend on isotopic composition. This is due to the
mass dependence of the ground-state vibrational energy of the isotopic species. In
theory, isotopic fractionation factors can be calculated for equilibrium isotope
exchange processes, by statistical mechanical methods, using experimentally-

determined vibrational frequencies. The theory of equilibrium isotope effects has
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been discussed by Urey (1947), Bigeleisen and Mayer (1947) and Oppenheim and
Friedman (1961).

Consider the isotope exchange reaction between molecules A and B containing
isotopes i and j;: A' + B' = A’ + B. The isotopic fractionation factor o, between
the two molecules A and B is defined as the quotient of two isotopic ratios:

o, = RY, / RY, where R%, ( = N/, / N')) and R¥; ( = Ni; / NYp) are the ratios of
the two isotopes i and j, in species A and B.

The isotopic fractionation factor is related to the equilibrium constant by
o,y = K'*,5, where n represents the number of atoms exchanged. For the exchange
of only one atom, a,;B = K,s.

Using statistical mechanics, the equilibrium constant K,; for this exchange
reaction, can be expressed as the ratio of the partition functions Q, and Q for the
two isotopic species of compounds A and B: K, = (QJ/Q.) / (Qy/Qs).

The partition function Q is defined as the summation over all the allowed energy
levels of the species: Q = X.{gexp(-E/kT)}, where g; is the statistical weight of
E, and T is the absolute temperature.

The important point is that only the vibrational energy levels exhibit a mass
dependence. The ground-state vibrational energy E, = (1/2)hv is a function of the
vibrational frequency v, which is proportional to the mass as m'”.  Vibrational
frequencies are determined experimentally from spectroscopic data. In this manner,
the isotopic fractionation factor o,; can be calculated from experimental vibrational
frequencies. However, vibrational frequency data for isotopic substitution are not

known for most molecular species. Calculations are complicated by lattice effects
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which need to be considered for partitioning between solid phases. In addition, the
fractionation factor is a function of temperature, such that isotopic fractionation
decreases at higher temperatures: Ino,, < 1/T? where T is the absolute temperature.

Experimental calculations for hydrogen (Bigeleisen and Mayer, 1947; Oppenheim
and Friedman, 1961) yield fractionation values in close agreement with experimental
observations. Theoretical calculations of equilibrium constants for sulfur isotopic
exchange reactions, between sulfur dioxide and hydrogen sulfide, were found to
agree with experimental results within =1%o for the temperature range studied
(Thode et al., 1970).

Clayton et al. (1978) have estimated the isotopic fractionation of Si for the
equilibrium isotopic exchange reaction, between solid forsterite and gaseous silicon
monoxide (Si0) and gaseous silicon sulfide (SiS). Vibrational frequency data for
isotopic substitution of the gaseous species SiO and SiS were used to calculate
partition functions for these species. Neglecting lattice effects for the solid, the gas-
solid isotopic fractionation of Si at a temperature of 1400°K was calculated to be
~2%0 amu’. Clayton et al. estimated that the magnitude of this Si fractionation
increéses with decreasing temperature at the rate of 0.3%o0 per 100 degrees. Si
fractionation by equilibrium exchange processes at higher temperatures would be
negligible.

Interpreting isotopic effects as equilibrium effects has the advantage that the
results are independcnt of the reaction pathways or processes undertaken to reach
equilibrium. However, it appears that equilibrium effects are small at the high

temperature ranges under consideration.
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2.3.3. KINETIC ISOTOPIC FRACTIONATION

As indicated above, isotopic fractionation due to equilibrium processes is
negligible at high temperatures. A better description of fractionation occurring at
high temperatures is provided by kinetic processes, as in solid-vapor transitions,
such as condensation and evaporation. Kinetic effects result from physical processes
or chemical reactions in which the rate depends upon the atomic mass of the
species. It is necessary to understand the reaction mechanisms involved.

The focus of this/ discussion is on kinetic isotope effects due to mass-dependent
differences in the velocities of the isotopes. Assuming that equipartition of energy
holds in a reservoir at a given temperature, molecules containing isotopes of
different masses will exhibit the same average kinetic energy. Lighter molecules in
the reservoir will thus have a higher velocity, which is equivalent to a greater flux
per number density for removal of the lighter isotopes from the reservoir.
Therefore, kinetic effects result in the preferential vaporization or condensation of

the lighter isotopes from a reservoir.

There are two relevant fractionation factors which need to be distinguished: 1)
the fractionation factor of the process (&), which describes the relative difference in
fractionation between two phases, as a result of removing an infinitesimal amount of
material; and 2) the final fractionation factor (F) of the resulting bulk materials,

relative to isotopically normal material. Consider a distillation process: the
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fractionation factor of the process is assumed to be constant throughout distillation,
while the bulk fractionation values change as distillation proceeds.

| The following discussion concerns the fractionation factor of the process. The
relevant quantities necessary to describe isotopic effects are the magnitude and sign
of the fractionation factor. By convention, a positive fractionation factor favors the
heavier isotopes, while a negative fractionation factor reflects enrichment of the
lighter isotopes. These two cases are illustrated schematically in Figure 2.1.
According to the kinetic model above, a negative fractionation factor would
characterize the vapor resulting from distillation of a solid where equipartition of
energy holds, since fhe lighter isotopes are preferentially volatilized.

Estimation of the magnitude of kinetic effects may be Aseen for the case that the
process behaves like effusion from a Knudsen cell. Isotopic fractionation is
assumed to follow a mass-dependence of (my/m)"'?, where m; and m, are the masses
of the relevant isotopic species. Experimental verification for the inverse square-
root mass-dependence has been demonstrated by observations of the effusion of
gases and by evaporation of alkalis (Eberhardt et al., 1964).

Thé magnitude of kinetic effects depends upon the atomic or molecular species
in the gas phase. Assuming an inverse square root mass-dependence, kinetic
fractionation factors can be calculated as: o = 1 - (m;/ m)'®] x 10°, where m,
and m; are the isotopic masses. Calculated magnitudes for kinetic fractionation
factors are given in Table 2.1, assuming the species listed are the most abundant

gas phase species.
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Table 2.1. Kinetic Fractionation Factors

Mg 20.6%0 amu™
SiO 11.3%0 amu
SiO, 9.0%0 amu™
Ca 12.2%0 amu™
Cr 9.6%0 amu’
Fe 9.0%0 amu™*

To illustrate the application of the fractionation factors, consider condensation of
Mg from an isotopically normal gas phase, following a kinetic model. Using the
fractionation factors given above, the earliest condensates will be enriched in the
lighter isotopes of Mg by -20.6%0 amu’ relative to the starting composition. The
fractionation factor of the process, which describes the difference in fractionation
between condensates and the reservoir, remains constant; therefore the isotopic
composition of later condensates will not be so light, because the reservoir will
become progressively heavier as lighter isotopes are lost.

The fractionation factor provides the maximum limit for the final isotopic
fractionation (F) of the bulk condensates. More extreme values could only be
produbcd by the operation of multiple processes. However, the vapor reservoir can
exhibit final fractionation values of any magnitude in the direction opposite to that
of the fractionation factor. In this case, the reservoir would exhibit increasingly
positive fractionation as condensation progressed. This will be explained in more

detail in Section 2.3.4b.
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2.3.4. RAYLEIGH PROCESSES

Evaporation and condensation processes have been modelled by a Rayleigh
calculation, which describes isotopic fractionation resulting from fractional
distillation and condensation. For a single process (i.e. distillation only), a Rayleigh
calculation provides an estimate of the isotopic composition as a function of the
extent of the process. The Rayleigh model assumes that material is instantaneously
and continuously removed from a reservoir, without further isotopic exchange with
the reservoir.

Assume a reservoir containing N' and N’ numbers of atoms of isotopic species i
and j. An inﬁriitesimal number of atoms n' and n' are removed by distillation. The
amount of material removed is related to the number of atoms remaining in the
reservoir by a factor K: n'/ n' = (-dN/) / (-dN) = K N/ N\,

A general form of the Rayleigh equation (Rayleigh, 1896, 1902) for distillation
from a reservoir may be presented in differential form as:

dNi/dN' = (1 + a) N/ N
A logarithmic form of this equation is written: dinN' = (1 + «) dInN’, which after
integration yields: N’/ Ni, = (N'/ N'))"** , where N',, N, are the initial numbers of
atoms of species i and j in the reservoir. Then we define f = N' / Ni as the
fraction of material of a given species remaining in the reservoir. The integrated
form of the Rayleigh equation above can now be rewritten:

I\J.i/N.io = (Nl / Nio)lm = f(l +a).
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The fractionation factor is defined by the quotient resulting from dividing the ratio
of the number of atoms of i and j at a given time (R¥= N/ N'), by the initial ratio
(RY, = N,/ N'):
Ri/RY = (NV/ N) / (N, / N) = N/ N5)) x (N',/ NY).
Using substitutions from above, this equation can be rewritten as:

RY /R, = (1/f) x £** = f*, or finally: RY/RY, = f*
a. Distillation

The Rayleigh mddel can be illustrated by application to a distillation process.
Using the kinetic model previously discussed, distillation of a reservoir containing
isotopically normal material will produce a residue enriched in the heavy isotopes.
The Rayleigh model provides an estimate of the magnitude of the fractionation of
the residue, as a function of the amount of a particular element remaining in the
residue.

The relevant Rayleigh equation for the residue (r) of a specific isotope system
Mg) inay be written:

(*Mg/*Mg), = (*Mg/Mg),, f"@, or
R, =R, £,
where R, and R, are respectively, the instantaneous and initial isotopic compositions
of the residue.
The results of this Rayleigh calculation for the distillation of atomic Mg are

shown in Figure 2.2. Vaporization of 80% of the Mg in the reservoir will result in
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a fractionated residue, enriched in the heavier isotopes by +34%o0 amu’, while
vaporization of 95% results in a residue fractionated by +65%0 amu™.

Now the isotopic composition of the vzipor will be considered. The isotopic
composition of the infinitesimal vapor removed (R,) is given by:

R,/ R, = (1/[Z524)) {12,
The vapor resulting from distillation is enriched in the lighter isotopes. The first
vapor removed exhiBits Mg fractionation of -20.6%o0 amu’.

As the reservoir becomes heavier (depleted in the light isotopes), the
instantaneous vapor also becomes progressively heavier, and exhibits an apparently
normal isotopic composition after loss of 63% of the Mg in the reservoir. After
this point, the instantaneous vapor removed exhibits positive fractionation.

However, note from Figure 2.2 that the final fractionation value of the integrated
or total vapor, resulting from the accumulation of vapor from the onset of
distillation, exhibits Mg fractionation which is always negative, until reaching the
starting normal composition after distillation of 100% of the reservoir.

The Rayleigh equation for the bulk isotopic composition of the accumulated
vapor R,,, can be given as:

R,. /R, = (1- £ /(1.9
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Figure 2.2. Rayleigh calculation for the distillation of atomic Mg showing the
resulting F, for the vapor and evaporative residue, as a function of the fraction of
%Mg remaining in the residue. The isotopic composition of the residue is given by:
*MgMMy), = (Mg *Mg), f1725%4  The composition of the accumulated vapor is
also shown. The fractionation factor of the process was assumed to be constant,

with a magnitude of -20.6%¢ amu™.
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b. Condensation

The application of the Rayleigh model to condensation is complicated because
the instantaneous removal of condensates postulated by the Rayleigh model is not
consistent with the need to grow or accumulate a reservoir of the condensed
material. -+ Two cases will be considered for condensation. Figure 2.3 shows
Rayleigh curves for Mg isotopic fractionation of both the condensates and residual
vapor for condensation with a) a positive, and b) a negative fractionation factor.
The kinetic model discussed above is consistent with a negative fractionation factor
for condensation. In these calculations, the magnitude of the fractionation factor of
the process (20.6%; amu’) is assumed to be constant throughout condensation. The
relevant Rayleigh equations for condensation are given in the figure caption.

Assuming a negative fractionation factor, the first condensates from an
isotopically normal vapor are enriched in the lighter isotopes of Mg, by -20.6%0
amu’. With increased condensation, the vapor reservoir will become increasingly
heavy, exhibiting positive isotopic fractionation for Mg. After condensation of 63%
of the Mg, the reservoir will be fractionated by +20.6%o0, while the material
condensing at the time will appear isotopically normal.

With further condensation, both the condensates and vapor will exhibit
increasingly positive fractionation.  Therefore, the most extreme negative value
observed for condensates in a single-stage process is -20.6%c0 amu™, while positive
values of any magnitude can be produced.

For the case of a positive fractionation factor, the values of fractionation are

reversed, with the earliest condensates exhibiting +20.6%0 amu™.
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Figure 2.3. Rayleigh calculation for the condensation of atomic Mg from an
isotopically normal gas reservoir. The resulting isotope fractionation, Fy,, is shown
for the condensates/and for the residual vapor, as a function of the fraction of Mg
condensed. Two cases are illustrated: the fractionation factor of the process was
assumed to be positive with a magnitude +20.6%0 amu™ in Figure 2.3a, and negative
(-20.6%0 amu™) in Figure 2.3b.
The Rayleigh equation for the instantaneous vapor is given by:
(*Mg/*Mg), = (*Mg*Mg),, £ 7",

The equation for the accumulated condensates is given by:

*MgFMg).,.. = Mg Mg, (1 - ) / (1 - D),
where (*Mg/#*Mg),, is the initial composition of the vapor.
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c. Correlated Effects

A Rayleigh model assumes continuous, unidirectional condensation (or
evaporation), which would be expected to produce correlated isotopic fractionation
effects for elements of similar volatility. A correlation between isotopic
fractionation for Mg and Si, which exhibit similar volatility, has been reported for
FUN inclusions by Clayton et al. (1985).

Figure 2.4 illustrates an example of a correlation diagram which will be used in
this work. The isotopic fractionation values for two elements are normalized by the
inverse square root of the isotopic masses, using the most abundant vapor phase
species.  Isotopic fractionation values are calculated for a distillation residue,
assuming Rayleigh fractionation of Mg and Si, with the gas phase species atomic
Mg and molecular SiO. This calculation assumes the same volatility for these two
species, such that the fraction of the species remaining in the reservoir is the same.
The resulting fractionation values, normalized by the inverse square root of the
masses, approximately define a line of slope unity. More precisely, the data yield a
curve which is a function of the fraction (f) of Mg and Si remaining in the residue.
Defining o = *Si/*Si and o, = *Mg/*Mg, the slope can be given as :

£S5 - 1 In oy,

slope =
fl-]aMg -1 In aSilﬂ

A Rayleigh calculation up to a Mg fractionation value of =50%0 amu yields a
best fit line of slope 0.99, while Fy, values up to 400%o yield a line of slope 0.93

(Figure 2.4).
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Figure 2.4. Correlation diagram of Mg and Si isotopic fractionation. Fractionation
values are calculated for a distillation residue, assuming evaporation of Mg and SiO
by a Rayleigh process. The species are assumed to have the same volatility, such
that the fraction of the species remaining in the residue is the same. Fractionation
values are normalized by the inverse square root of the masses. The equation for
the slope, given in the text, is close to unity. The range of fractionation shown

extends to F, equal to 400%0 amu™.
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2.3.5. NONIDEAL RAYLEIGH PROCESSES

a. Multistage Evolution

A distinction should be made between a multistage process and multiple
processes. The Rayleigh model is applicable to the unidirectional evolution of a
reservoir by a single process (i.e., distillation _only), in contrast to the operation of
multiple processes (i.e., condensation followed by evaporation and recondensation).
However, the Rayleigh model describes a multistage process, where instantaneous
condensates are sucéessively removed from the reservoir.

Observations of a linear correlation for elements of similar volatility in CAI, for
example, Mg and Si (Clayton et al., 1985), are consistent with unidirectional
evolution of CAI by distillation following a Rayleigh model.

However, the validity of a simple unidirectional evolution for CAI has been
challenged by data obtained for elements with differing volatilities. Niederer and
Papanastassiou (1984) have reported on the lack of correlation of isotopic
fractibnation in refractory inclusions, for elements (Ca and Mg) of differing
volatilities. Ca is significantly more refractory than Mg; however, the fractionation
factors for Mg and Ca should exhibit the same sign for the same process.

For instance, consider condensation of Mg and Ca, assuming a negative
fractionation factor. The earliest condensates will be enriched in the lighter
isotopes, exhibiting negative fractionation for Mg and Ca (F, and Fy,). Due to the

more refractory nature of Ca, later condensates may exhibit positive F., and negative
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Fy, finally followed by condensates with positive F., and Fy, (See Niederer and
Papanastassiou (1984) for a detailed presentation.) A consistent model of
condensation cannot produce all combinations of fractionation for Mg and Ca. For
example, condensation (with a negative fractionation factor) cannot produce
inclusions ‘with negative F., and positive Fy,. Niederer and Papanastassiou present
data for CAI with all combinations of Mg and Ca, including cases of light Ca and
heavy Mg. This is inconsistent with proccssjng of CAI by unidirectional, single-
stage processes. The presence of heavy Mg suggests that these inclusions are
evaporative residues, which have lost light isotopes by volatilization. However, the
presence of light éa was attributed to an earlier condensation event, where light
isotopes are preferentially condensed. Therefore, CAI appear to require processing

by multiple processes, involving condensation, evaporation and recondensation.

b. Nonlinear Effects Resulting from Fractionation

The possibility exists, due to the nonlinearity of isotopic fractionation, that
mixtures of components with extreme fractionation resulting from Rayleigh processes
may i)roduce what appear to be nonlinear anomalies. Mass fractionation is linear
for small mass differences, but more accurately described by a power law (Section
2.3.6). Figure 2.5 illustrates a schematic three isotope diagram for an element with
isotopes 1, 2 and 3. The isotope ratio N*/N' is plotted against the ratio N*/N'. A
mixture of isotopically normal material (B) with highly fractionated material (A),
will result in isotopic compositions (M), which lie along a mixing line AB off the

fractionation curve, producing what appear to be nonlinear effects.
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Figure 2.5. Three isotope diagram showing the abundance number ratios N°*/N'
plotted against N*/N' for a three isotope system. Due to the nonlinearity of isotopic
fractionation, the ratios plot along a curve. The fractionation is given by the
tangent to the curve, yielding a line of slope approximately 1/2. The diagram
illustrates how the mixing of material with extreme fractionation (A) with nofmal
material (B), can produce intermediate compositions (M), which lie off the mass

fractionation curve, and can appear to be nonlinear or nuclear effects.
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Experimental work has been undertaken to determine if nonlinear effects are
produced during the extreme mass fractionation resulting from distillation. Esat et
al. (1986) performed distillation experiments on terrestrial minerals, and observed
both isotopic fractionation and nonlinear effects. The nonlinear effects consisted of
a depletion of *Mg for the residues, and enrichment of *Mg in the condénsates,
regardless of the fractionation correction procedure used. They found a general, but
not precise correlation between Fy, and S”Mg of the resulting residues. However,
evaporation experiments of Si distillation using a solar furnace by Molini-Velsko et
al. (1987) produced fractionation effects, but no nonlinear anomalies.

Papanastassiou aﬁd Wasserburg (1987) performed calculations of the Rayleigh
process for the distillation of Mg, and showed that distillation residues may exhibit
small deficits in Mg, while the integrated condensates may exhibit small excesses
in Mg (<0.8%o), after correction for fractionation by a power law. Mixtures of
distillation residues with a normal reservoir exhibit only small excesses in *Mg.
Papanastassiou and Wasserburg concluded that the data of Esat et al. must be
attributed to a more complex process than Rayleigh distillation, and that large
excesses in *Mg observed for many CAI, cannot be considered artifacts and must

be attributed to *Al decay (Section 2.4).
2.3.6. ISOTOPIC FRACTIONATION LAWS

For small fractionation effects, a linear law adequately describes observations:
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Ri, = R’ (1 + am,), where R, and R¥ are the measured and true isotopic ratios
respectively, and o is the mass fractionation factor (R, / RY). However, this
linearity of mass fractionation is only approximate. The mathematical description of
isotopic fractionation laws has been discussed by Russell et al. (1978). Precise
isotopic measurements have shown that fractionation is better fit by a power law:
RY, = R% (1 + o)™, where m; is the mass difference between the isotopes i and j.

For fractionation over large mass ranges, the fractionation factor may not be
constant over the entire mass range. An exponential law of the form:
R, = RY (m; / m)®, which produces decreasing mass fractionation for increased
isotopic mass, was /found to provide a good fit for Ca isotopic fractionation by
thermal ionization (Russell et al., 1978). However, isotopic fractionation in nature
may be described by a different law than that observed for thermal ionization.

Isotopic data are corrected for mass-dependent fractionation, using a pair of
reference isotopes, in order to resolve nonlinear effects. This correction removes
both instrumental and natural fractionation. There are two uncertainties in this
correction procedure: 1) the choice of reference isotopes; and 2) the fractionation
law ﬁsed. Reference isotopes for normalization are chosen somewhat arbitrarily,
with consideration given to the isotopes which are not radiogenic, or are not likely
to show nuclear effects, based upon nucleosynthetic scenarios.

Measured isotopic ratios include both instrumental fractionation and natural
fractionation intrinsic to the sample. Instrumental fractionation may be caused by
mass discrimination during chemical separation procedures; during thermal ionization

or detection in the mass spectrometer; or during sputtering, ionization and detection
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in the ion probe. Fractionation intrinsic to samples cannot be resolvéd unless that
intrinsic magnitude is greater than the range of instrumental fractionation.
Instrumental effects are calibrated by measuring standards, as discussed in Chapter
3. For elements of four or more isotopes by thermal ionization analysis, laboratory
and instrumental fractionation can be uniquely corrected by the use of a double
spike technique, which involves the addition of an internal isotopic standard to the
sample before laboratory processing (Eugster et al., 1969).

Isotopic data for elements with three isotopes are presented on a three isotope
correlation diagram of measured A-values, where A’ is plotted against A¥, for
example A*Mg vé. A*Mg and A®Si vs. A¥Si. To a first order, isotopic
measurements related by mass fractionation define a line of slope 1/2, which passes
through the normal composition. As discussed previously, mass fractionation is not
precisely linear, and the data actually fall along a curve (Figure 2.5). A maximum
slope tangent to the curve can be calculated by assuming a m™” dependence:
slope = (0,52 - 1) / (06" - 1), where o, = *Mg/*Mg, yielding 0.515 for Mg.
However, for small fractionation, the linear approximation is sufficient. Samples
exhibiting positive fractionation plot at higher A-values along the line, while samples
with negative fractionation plot at lower values along the line. Nonlinear anomalies
are observed as deviations from the mass fractionation line. A three isotope
diagram can be used to identify endmembers for mixing of isotopic reservoirs. On
this diagram, mixtures of two components with different isotopic compositions plot

along a line between the two endmembers.
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2.4. RADIOGENIC ANOMALIES: SHORT-LIVED NUCLIDES

24.1. SYSTEMATICS OF RADIOGENIC EFFECTS

Short-lived nuclides are those which were present in the early solar system, but
have now completely decayed due to their short half-lives. The basic issues
involved in establishing the in situ decay in meteoritic materials, of a radiogenic
nuclide which is now extinct include: 1) the identification of primitive objects from
the early solar system, which have not been extensively altered; 2) the identification
of an excess of thé daughter nuclide, which is resolved from the normal isotopic
composition, and from isotopic fractionation effects; and 3) establishing that this
excess of the daughter nuclide is correlated with the imputed abundance of the
parent nuclide, demonstrating that the daughter nuclide follows the same chemical
behavior of the parent.

*Al will be used as an example to demonstrate the isotope systematics of short-
lived nuclides (Lee et al., 1977; Wasserburg, 1985). The present Mg isotopic
composition (*Mg/*Mg),, is the sum of the initial isotopic ratio (*Mg/*Mg), at the
time of formation, and excess *Mg" produced by the decay of *Al:

(**Mg/*Mg),, = (“Mg/*Mg), + (“Mg’/*Mg),
= (*Mg/*Mg), + *AV7AD, ("Al/*Mg),,
where (*Al#’Al), is the initial ratio at the time of formation. The present Mg
isotopic composition (*MgA*Mg), is thus a linear function of the chemical

composition (*Al/#Mg),, with a slope given by (*Al/’Al), and intercept given by
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(*Mg/*Mg),.

An Al evolution diagram is presented in Figure 2.6. Consider a sample (A)
formed at time T,, The sample A is originally isotopically homogeneous, and
contains coexisting phases 1, 2, 3 with different chemical compositions *Al/*Mg.
After decay of *Al, the phases will lie along a line passing through A, with a slope
(BAIF’Al),. If this system remains undisturbed, the phases 1, 2, 3 will retain a
linear correlation between (*Mg/*Mg),, and chemical composition (Al/#Mg).. An
object formed at a later time T, from the same initial composition A, would exhibit
a line of lower slope (*Al#’Al).exp(-AT,).

The linear correiation can be obliterated by later disturbances involving isotopic
re-equilibration. In addition, a linear correlation will not be observed if the system
was originally isotopically heterogeneous. To illustrate later i;otopic disturbance,
consider the sample formed at time 7, If the sample is remelted and isotopically
homogenized at time 7,, then the newly formed phases would lie along a horizontal
line on the evolution diagram, with a higher initial (*Mg/*Mg) at point B. If the
remelting occurs before the complete decay of *Al, then these newly formed phases
would subsequently define a line of lower slope (*Al/#’Al).exp(-AT,) and higher
initial (*Mg/*Mg) at point B.

It is important to distinguish a linear correlation due to in situ decay, from linear
mixing relationships. Consider the case of fossil nuclides. D. D. Clayton (1982)
proposed that interstellar dust grains may contain excess *Mg" due to the decay of

%Al, which is extinct in the grains. Mixtures of these dust grains with isotopically
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Figure 2.6. Al evolution diagram, illustrating isotope systematics for the in situ
decay of Al. If Al decays in a isotopically homogeneous reservoir (A),
coexisting phases 1, 2, 3 with different chemical compositions formed at t,, will lie
along a line passirig through A with a slope (*Al#’Al),. An object formed at a
later time 12 from the same initial reservoir (A), would exhibit phases lying upon a
line of lower slope (**Al/”Al)exp(-At). If the sample formed at time T, is remelted
and isotopically homogenized at a later time T, then the newly formed phases
would lie along a horizontal line with a higher intercept (*Mg/*Mg), at point B. If
this rehomogenization occurred before the complete decay of *Al, the newly formed
phases would subsequently define a line of lower slope (*Al/Al),exp(-AT), and

higher initial (**Mg/”Mg), at point B.
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normal solar system material (low in Al), will define a straight line passing through
the normal Mg isotopic composition, but the slope will bear no relation to the
original *¥Al content. In order to demonstrate that a linear correlation is due to in
situ decay and not mixing, it is necessary to demonstrate that isotopic analyses are

for pure phases and not for mixtures.
2.4.2. IDENTIFICATION OF SHORT-LIVED NUCLIDES

Many meteorites have been shown to exhibit excesses in specific isotopes, due to
the decay of short-li/ved nuclides (*Al, 'Pd, I, **Pu, “*Sm) which were present in
the early solar system. These short-lived nuclides have been used to constrain
timescales for formation of the early solar system, in particular the time interval (T)
between the last nucleosynthetic event that injected material into the solar nebula
and the formation of small planetary bodies (Wasserburg, 1986). Consider an
element with a radioactive nuclide (N,) with a half-life t, and a stable nuclide N,
formed during nucleosynthesis, with a production ratio (N,/ N,),. At the time of
formation of solid objects in the solar nebula, following a time interval T after the
completion of nucleosynthesis, the ratio of the radioactive nuclide abundance to that
of the stable nuclide is given by:

(NJN,), = (NJ/N,)exp(-T/7).

The original impetus for investigations into the presence of short-lived nuclides

came from the work of H. Suess, H. Brown and H. Urey. Urey (1955) proposed

that short-lived nuclides could provide a possible mechanism for the heating and
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melting of small planetary bodies. Al had recently been discovered in the
laboratory (Simanton et al.,, 1954), and was proposed as one possible candidate.
Early searches for another short-lived nuclide, I, were undertaken by Wasserburg
and Hayden (1955).

The first positive identification of a short-lived nuclide was of *Xe enrichments, .
which were correlated with I (Reynolds, 1960; Jeffrey and Reynolds, 1961). This
nuclide was used to constrain the timescale for the last major contribution of r-
process nuclides, to be on the order of 10° years prior to solar system formation.
However, the subsequent identification of anomalies due to nuclides with shorter
half-lives, required'a later addition of =10* solar masses of freshly synthesized
material, at a time interval of less than 3 x 10° years before formation of solid
objects in the solar system. The strongest evidence for this late-stage introduction

comes from 26/Al (T, = 0.72 x 10° y), as discussed below.
2.4.3. EVIDENCE FOR %Al

In order to identify *Al effects, extensive efforts were undertaken to identify and
separate crystals of high-Al, low-Mg phases in refractory inclusions, where the
effects would be most pronounced. The first identification of small excesses in
¥Mg was made by Gray and Compston (1974) and Lee and Papanastassiou (1974).
Lee and Papanastassiou also reported small deficits in *Mg. Large excesses in *Mg
(up to 100%0 amu') were observed in high-purity mineral phases in CAI, and

demonstrated to be correlated with Al»Mg ratos (Lee et al, 1976, 1977),
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providing evidence for the in situ decay of *Al. The samples exhibited *Mg/*Mg
that is consistent with the terrestrial value within a few permil, demonstrating that
Mg’ has been added to normal solar system material.

The strongest evidence for the in situ decay of Al was provided by the
excellent correlation observed for the Allende inclusion WA, which exhibited a
slope (*AIFAD, = (5.1 £ 0.6) x 10° (Lee et al, 1977). The texture of WA
indicates a molten origin.

An isochron has been established for different regions of an individual anorthite
crystal, with different Al/#*Mg ratios (Hutcheon et al., 1978).

Subsequently, exéesses in ¥Mg correlated with ¥Al/#Mg have been observed in a
wide variety of CAI (cf. review by Wasserburg and Papanastassiou, 1982).
Extremely large excesses of *Mg up to 800%0 have been identified in individual
crystals by ion probe measurements (Bradley et al., 1978; Hutcheon et al.,, 1978;
Ireland et al., 1989). Excess Mg has also been observed in Leoville refractory
inclusions (Lorin et al., 1978).

Many Type B CAI exhibit a correlation line of slope (*Al”Al), = 5 x 10°.
Howéver substantially lower and higher values have been reported for CAI:

5 x 10® < (*Al7Al), < 7 x 10°. Many Al-rich, Mg-poor phases in CAI exhibit no
excesses in *Mg (Lee et al, 1979). Consistently lower initial values for
(*A1#’Al), have been reported for the FUN inclusions; HAl exhibits (*Al/~Al), = 5
x 10® (Fahey et al.,, 1987). A range in the initial value (*Al/Al), may be due to
formation at different times, or due to initial heterogeneity in Al isotopic

composition. Heterogeneity in *Al/Al or in Mg isotopic compositions may be the
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source of deficits in *Mg in FUN inclusions.

The use of Al as a chronometer is limited by uncertainty concerning the
original heterogeneity of (*Al~Al), and Mg isotopic compositions.  Further
complications arise from evidence of a nonlinear relation between excess *Mg and
YAl#Mg in several inclusions (Esat et al., 1978; Esat et al., 1979; Armstrong et al.,
1984; Hutcheon, 1982), indicating that the systems have been disturbed with partial
isotopic rehomogenization (Lee et al., 1977).

The isotopic abundance of Al observed in CAI requires the addition of =10
solar masses of freshly synthesized material from a supernova or nova source, which
may have either initiated collapse of the solar nebula, or merely been nearly
coincident with this ;:ollapse (Truran and Cameron, 1978). For the observed initial
ratio in CAI of (®Al~Al), = 5 x 107, a predicted supernova production ratio
(*Al 7 Al), = 10° (Woosley and Weaver, 1982) would require that 5% of all Al in
the solar system came from a late stage nucleosynthetic event. This high percentage
seems improbable, for the addition of a major element to the solar nebula.
Alternatively, a production ratio in red giants of (*Al/’Al), = 1, requires the
addition of less freshly synthesized material (Arnould et al., 1980; Champagne et al.,
1983).

The presence of Al in the interstellar medium was positively identified by
HEAO-3 detection of gamma ray emission (Mahoney et al, 1984). The high
abundance of Al observed served to eliminate supernova sources, due to the rarity
of supernova events. Observations of *Al in the interstellar medium also eliminate

local production by solar irradiation, a theory which had been excluded on a
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theoretical basis by Lee (1978).

There is no clear evidence that Al was the source of heating for planetary
objects.  Basaltic achondrites, which have undergone melting and planetary
differentiation, do not show evidence of *Al. However, ordinary chondrites have
been shown to exhibit excesses in *Mg (Hutcheon et al., 1988, 1989).

The preceding discussion of isotopic fractionation and radiogenic decay will be
used as a context for the interpretation of measurements of *Al and isotopic

fractionation in CAI, presented in the following chapters.
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CHAPTER THREE
ANALYTICAL TECHNIQUES
3.1. INTRODUCTION

This chapter describes the analytical techniques used to investigate the
petrography, chemistry and isotopic composition of refractory inclusions in the
Allende meteorite. ’The emphasis of this work has involved isotopic measurements
by thermal ionization and ion microprobe mass spectrometry.

Thermal ionization measurements were obtained for individual grains from
inclusions, as well as for larger samples after dissolution and chemical separation.
The ion microprobe was used to obtain in situ isotopic measurements of minerals in
polished sections. Although isotopic data obtained with the ion microprobe typically
exhibit lower precision than obtained by thermal ionization, the former allows for
spatial resolution on the scale of a few microns. Individual phases can be analyzed
in situ, to determine isotopic variations within inclusions. In addition, isotopic
compositions of several elements can be measured on a single phase, to search for
correlated effects.

Experimental studies of both fine-grained and coarse-grained CAI involved a
preliminary petrographic and isotopic survey of many inclusions, followed by

detailed studies of selected cases. Mg isotopic compositions of individual grains
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were determined by thermal ionization using the direct loading technique (DLT, Lee
et al., 1977), in order to identify inclusions with large isotopic effects and to
determine the frequency of such effects. To characterize their mineralogy and
chemistry, grains were examined by scanning electron microscopy (SEM) and by
energy dispersive x-ray analysis. These techniques required only small samples (2
20 um crystals), so that the remainder of the inclusion was left intact in the
meteorite surface for further work. |

Inclusions exhibiting large isotopic fractionation were subjected to detailed
petrographic, chemical and isotopic analyses. The ion microprobe was used to
determine variations/of Mg, Si, Cr and Fe isotopes from mineral to mineral. Larger
samples from several inclusions were dissolved and chemically separated for more
precise isotopic analysis by thermal ionization.

Due ’to the small size of the inclusions analyzed (largest dimension = 1 to 16
mm), particular care was given to the conservative use of samples, so that
comprehensive chemical, petrographic and isotopic data could be obtained for a
single inclusion. In addition, special techniques were required for handling and

analyzing grains in fine-grained inclusions (with grains 0.5 to 100 pm in size).
3.2. SELECTION OF INCLUSIONS AND SAMPLE PREPARATION
3.2.1. FINE-GRAINED INCLUSIONS

a. Selection of Inclusions
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Whole Allende fragments covered with fusion crust were cut into 1 c¢m thick
slabs using a diamond-embedded steel blade (0.4 cm thickness), using distilled water
as coolant. Many of the slabs examined in this study were cut from Allende
fragments labeled BG82 (obtained from A.L. Burlingame). Slabs sliced from one
fragment are labeled consecutively, e.g., BG82DA to BGS82DJ; inclusions identified
on a slab are further numbered consecutively, e.g., BG82DA-1. In the following
discussions the prefix BG82 is deleted from the inclusion name. Allende slabs
(=20x15x1 cm®) were examined under a binocular microscope in order to identify
fine-grained pink or white inclusions with a linear dimension =5 mm. Preference
was given to largér inclusions (210 mm) in order to have sufficient material for
comprehensive petrographic, chemical and isotopic analyses.  Inclusions were
photodocumented on the slab surfaces. Table 3.1 presents a brief description of the
seventeen fine-grained CAI analyzed and a summary of the analytical techniques

used for each inclusion.

b. Sample Preparation

A. flowchart outlining the processing of samples from seventeen fine-grained
inclusions for petrographic, chemical and isotopic analysis is shown in Figure 3.1.
For five inclusions which were visible on two opposing slabs, a thin section was
prepared from one slab, while the opposing half was sampled for isotopic work.
For two inclusions (B14-B and EA-1), a thin section was prepared from a chip
excavated from the inclusions. Thin sections were used for SEM and ion probe

analyses.
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Figure 3.1. Flowchart outlining the experimental procedures used for the sampling
and analysis of fine-grained Ca-Al-rich inclusions by SEM, ion microprobe and
thermal ionization rhass spectrometry. Inclusions are identified in slabs of Allende.
Microsamples are excavated: the mineralogy of the grains is examined by SEM and
EDS; while Mg isotopic compositions are determined by the direct loading
technique (DLT). Larger samples are dissolved in order to separate soluble silicates
from insoluble phases. Minerals in the residues were examined by SEM; Mg
isotopic compositions were determined by DLT. The solutions were either analyzed
by DLT, or after chemical separation by ion exchange. Thin sections were prepared
of inclusions in order to characterize their petrography. The ion microprobe was

used for a detailed in situ study of Mg isotopic variations in the inclusions.
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A fraction of the material obtained by sampling each inclusion was stirred into
a suspension in a solution of methyl alcohol, and distributed on pyrolytic graphite
discs, using a syringe and polyethylene tubing. The graphite discs were carbon-
coated and examined on the SEM in order to identify mineral phases.

Seventeen fine-grained CAI were sampled using tungsten and tungsten carbide
micro-chisels and needles to obtain 0.5 to 10 mg of powdery material from the
center of the inclusions. The samples were inspected under a binocular microscope
to ensure that there was no matrix contamination. Microsamples from eight CAI
were analyzed for Mg isotopic composition by the direct loading technique (DLT).
Since the fine-grained nature of these inclusions (0.5 to 100 um grains) precluded
the handling of individual grains, the use of DLT for the analysis of both bulk
inclusions and acid residues entailed the dispersion of grains into a suspension in
water. A fraction of this suspension was removed with polyethylene tubing and a
syringe, mixed with silica gel and loaded on a filament. The loading technique for
DLT will be discussed Section 3.4.4.

Due to the difficulty of obtaining high-purity mineral separates of fine-grained
CAl, larger samples (1 to 3 mg) of eleven inclusions were dissolved in order to
separate soluble silicates from insoluble phases. Samples were dissolved in small
amounts of high-purity HF and HNO,; the resulting solutions were centrifuged to
obtain soluble fractions and insoluble residues. This permitted a comparison of the
isotopic compositioh of the soluble and insoluble fractions of the same sample.

Parts of the residues were distributed on pyrolytic graphite discs and studied on the
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SEM, prior to isotopic analysis by DLT. The residue of inclusion DI consisted
predominantly of hibonite. For all other inclusions, the residues consisted of Fe-rich
spinel, with occasional traces of hibonite. For four of the dissolved samples, Mg
was chemically separated by ion exchange from an aliquot of the soluble fraction,
before isotopic analysis. The soluble fractions of most inclusions were analyzed
without chemical separation of Mg. For inclusion DI, two microsamples were
initially analyzed by DLT; subsequently two larger samples were excavated and

analyzed for Mg isotopic compositions after dissolution and chemical separation.
3.2.2. COARSE-GRAINED INCLUSIONS

a. Selection of Inclusions

Coarse-grained inclusions (1 to 11 mm) were identified on Allende slabs on the
basis of a distinct purple color. Ethyl alcohol was used to coat the Allende slabs
during examination and photographing to enhance the color contrast. A summary of
the characteristics of the twenty-seven coarse-grained CAI analyzed "is given in
Table 3.2. Also listed are the analytical techniques used for each inclusion. Some
of the smaller inclusions listed near the end of the table were identified and

examined in thin section only.

b. Sample Preparation
A flowchart illustrating the processing of samples from coarse-grained inclusions

for petrographic, chemical and isotopic analyses is shown in Figure 3.2. Inclusions
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Figure 3.2. Flowchart outlining the experimental procedures used for the sampling
and analysis of coarse-grained Ca-Al-rich inclusions by SEM, ion microprobe and
thermal ionization mﬁss spectrometry. Inclusions were identified on slab surfaces of
Allende, and microsamples were excavated. Grains were characterized by SEM; Mg
isotopic compositions were determined by DLT. Polished sections were prepared in
order to obtain petrographic observations by SEM, and measurements of Mg, Si, Cr
and Fe isotopes by ion microprobe analysis. = More extensive sampling was
undertaken of several inclusions. Chemical compositions were determined by INAA,

and Mg, Ca, Ti, Cr and Nd isotopes by thermal ionization.
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were sampled with tungsten carbide micro-chisels to obtain microsamples (0.1 to 0.5
mg) free of matrix contamination for isotopic and petrographic analyses. Grain
mounts were prepared for each inclusion sampled by mounting one or two grains
(100 to 200 pm) in Araldite epoxy in small depressions of varying depths in
stainless steel cylinders (0.64 cm diameter). These grain mounts were ground on
SiC paper and polished with diamond paste before carbon-coating and examination
on the SEM. Thin sections were prepared of several inclusions for petrographic and
ion probe analysis.

Grains obtained by sampling were analyzed for Mg isotopic composition by DLT
to identify inclusioﬁs with extreme Mg isotopic fractionation (210%c amu™) for
further study. Four inclusions were identified as exhibiting FUN isotopic
characteristics on the basis of the Mg isotopic composition. Thin sections were not
prepared of entire FUN inclusions due to the small size of the inclusions (£ 5 mm)
and the desire to conserve material. Cubes (=1 cm®) of the meteorite encompassing
the FUN inclusions were sawed from the Allende slabs. Polished thick sections
were prepared by covering the inclusion surface with Araldite epoxy, grinding with
diamond discs and alcohol, and polishing with diamond paste. The cubes for two
inclusions (DH8 and HB1) were sliced by sawing parallel to the inclusion surface to
produce a thin wafer (=0.3 mm) for petrographic and ion microprobe analysis. The
remainder of the inclusions were excavated for more extensive thermal ionization
measurements of Mg, Ca, Ti, Cr and Nd (Papanastassiou and Brigham, 1987, 1988,
1989). Polished thick sections containing the other two inclusions (B7F6 and

B7H10) were first analyzed on the SEM and ion probe, then sliced by sawing
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perpendicular to the inclusion surface. One inclusion half was saved for further
petrographic or ion probe analysis, while epoxy was removed from the other half by
ashing in O, gas in a plasma asher prior to excavation of the inclusions.

Excavation of the four inclusions entailed the use of tungsten carbide micro-
chisels to. separate the inclusions from the surrounding Allende matrix.  This
procedure was undertaken on a clean bench in a laminar-flow clean room to
minimize contamination and sample loss. The grains were examined under a
binocular microscope and any remaining matrix was removed using the micro-chisel
and tungsten tweezers. Samples were dissolved in HF and HNO,, and chemically
separated by ion eXchange for the analysis of Mg, Ca, Ti, Cr and Nd isotopes
(Papanastassiou and Brigham, 1987, 1988, 1989).  During excavation of inclusion
HBI1, several green aggregates (opaque assemblages) were separated from the
inclusion for isotopic and chemical analysis. Thin sections of the inclusions were

prepared from remnants of inclusions left after excavation.

3.3. PETROGRAPHIC AND CHEMICAL ANALYSIS

3.3.1. PETROGRAPHIC ANALYSIS

Petrographic analyses entailed the use of four types of samples: 1) standard thin
sections (30 pum-thick), as well as ultrathin (10 um-thick) sections for fine-grained
inclusions; 2) polished thick sections of Allende inclusions (Section 3.2.2); 3) grain

mounts of individual grains from coarse-grained inclusions (Section 3.2.2); and
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4) grain dispersions of fine-grained inclusions on pyrolytic graphite discs. The
polished thick or thin sections were carbon-coated and examined by backscattered
electron imaging with a JEOL JSM-35CF scanning electron microscope (SEM).
Grain dispersions of fine-grained inclusions were examined for mineral phase
identification. Petrographic and textural observations were obtained for inclusions
examined in thin sections and polished sections. Backscattered electron maps were
prepared of the entire inclusions; backscattered electron images (BEI) are shown for
several CAI. Modal abundances of minerals Qere obtained by point-counting on the
SEM.

Quantitative chemical analyses were obtained for minerals in the polished thick
or thin sections and grain mounts by energy dispersive x-ray analysis (EDS) with a
Tracor-Northern TN-5500 system. Analyses were performed at 15 KV and 0.075
nA. EDS spectra were integrated over 100 seconds. Data for oxide and silicate
phases were compared against pure oxide and silicate standards, and corrected using
the procedures of Bence and Albee (1968) and Packwood and Brown (1981), as
modified by Armstrong (1984). Analyses of metal and sulfide phases were
corrected using the ZAF correction procedures of Love and Scott (1978), as
modified by Armstrong (1982, 1984). The reproducibility of the chemical analyses
is estimated to be <5%, based upon replicate analyses of secondary standards.
Secondary standards included Burma Spinel, Miakajima Plagioclase and synthetic Ti-
pyroxene glass. Replicate analyses of standards are given in Appendix 1.

Estimates of the bulk chemical compositions of the inclusions were obtained by

averaging several EDS analyses obtained by rastering the beam over a large region
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(=250 pm?) of the inclusion.
Polished thick and thin sections were examined on the SEM to select grains 2 10
um for ion microprobe analysis. The sections were also examined on the SEM
after ion probe analyses to confirm the identification of the phases analyzed and to

obtain measurements of chemical compositions.
3.3.2. BULK CHEMICAL ANALYSIS

Bulk chemical compositions of several coarse-grained and fine-grained inclusions
were generously pfovided by Dr. H. Palme (Max Planck Institute, Mainz) for
selected major and minor elements and rare earth elements by instrumental neutron
activation analysis (INAA). Small samples (0.02 to 0.4 mg) of several inclusions,
as well as a fraction of the opaque assemblage excavated from HB1 were analyzed

after irradiation with thermal neutrons.
3.4. THERMAL IONIZATION ISOTOPIC ANALYSIS
3.4.1. INSTRUMENTATION
Samples were measured on the Lunatic I mass spectrometer (Wasserburg et al,,
1969). This instrument is a single-focusing mass spectrometer, with a 30.48 cm

radius, 60° sector magnet. A programmable, computer-controlled magnetic field

scans the center of each mass peak and backgrounds on either side of the peaks.



63

Isotope ratios are determined by time interpolation of measured intensities. The
instrument provides high ion transmission (=100%) and data are collected under
conditions of low mass resolution (=600). The thermal ionization source is
regulated by a programmable filament power supply. A Vacsorb pump is used for
rough pumping of the source after venting for sample loading. Two Vacion pumps
are used for the source and analyzer.

This is a single collector instrument. Ion currents are detected with an offset
Faraday cup or electron multiplier, meagmed with a vibrating-reed Cary
electrometer, and the signal is integrated using a digital voltmeter. An HP9845

computer monitors beam intensity and beam growth during data collection.
3.4.2. CHEMICAL SEPARATION PROCEDURES

Chemical procedures for the separation and analysis of Mg have been developed
by Schramm, Tera and Wasserburg (1970). Samples (1 to 3 mg) from eleven fine-
grained inclusions were dissolved in small amounts (=150 pL) of high-purity HF
and HNO,. The acids were added one at a time and the sample was dried to a
small drop before subsequent additions of acid. The material was then taken up in
1.5N HNO3 and centrifuged to obtain soluble fractions and insoluble residues. The
Mg content of several of the solutions was determined by isotope dilution, using a
Mg spike. For most samples, aliquots of both the soluble and insoluble fractions
were analyzed by DLT. For four fine-grained inclusions, Mg was chemically

separated using an ion exchange column (Dowex AG50x8 resin, in a 0.IN HNO3



64
medium) from an aliquot of the soluble fraction. Two column passes were required
for most samples due to the high Al/Mg. Column yields were determined by
isotope dilution to be =95%. Typical Mg blanks, determined by isotope dilution
using a Mg spike for the entire chemical and loading procedure, were 25 to 30 ng,
due primarily to contributions from the ion exchange column.

Four of the coarse-grained FUN inclusions (DH8, HB1, B7F6 and CH4) were
dissolved and chemically separated by ion exchange for the mass spectral analysis
of Mg, Ca, Ti, Cr and Nd isotopes (Papanastassiou and Brigham, 1987, 1988,
1989). The spinel-rich residues were also dissolved and chemically separated for
Mg and Cr isotopic‘ analysis.

A normal solution, consisting of spectrographically pure MgO dissolved in dilute

HCI, was analyzed periodically during the course of the mass spectrometer analyses.
3.4.3. FILAMENT LOADING PROCEDURES

The filament loading procedure was critical to obtaining stable Mg analyses on
the mass spectrometer. Zone-refined Re "short-V" filaments (ReSV), obtained by
folding the mid-portion of Re ribbons (0.76 mm wide, 0.030 mm thick, 25.4 mm
long) lengthwise into V-shaped boats, were outgassed for two hours at 2100°C
under vacuum. Solution aliquots consisting of 100 to 150 ng Mg were mixed with
small amounts of silica gel and 0.5N H,PO, in a teflon beaker. Polyethylene tubing
on a syringe was used to load the resulting slurry along the filament. Loading was

performed on an X-Y stage under a binocular microscope. The silica gel-phosphoric
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acid (SiO,-H,P0,) mixture is gradually heated to remove water; more H,PO, is added
and the heating repeated so that the silica gel adheres to the filament and the
current is £ 2.0 A. To fuse the SiO,-H,PO, mixture to the filament, the current is
briefly increased for 2 sec. and the filament glows a dull red color. The final

appearance. is of a mass of glazed silica.
3.4.4. DIRECT LOADING TECHNIQUE

The direct loading technique, developed by Lee, Papanastassiou and Wasserburg
(1977), enables the ‘/Mg isotopic composition of samples to be determined without
chemical separation. This technique allows for the analysis of small samples (Esat
et al., 1979), including individual crystals (220 pm if 10%MgO). For analysis of
chemically unseparated solutions by DLT, the blank is substantially reduced by not
using the isotope exchange column. DLT was used in this work for four types of
samples: 1) grains of fine-grained inclusions; 2) insoluble residues from the
dissolution of fine-grained inclusions; 3) aliquots of dissolved sample solutions
which have not been chemically separated; and 4) crystals obtained by sampling
coarse-grained inclusions.

Direct loading of coarse-grained crystals involved picking up the selected grain -
(typically 50 to 100 pum) from a glass slide, using a fine-tipped tungsten needle
mounted in a micromanipulator assembly. A drop of a sticky sucrose-citric acid
mixture was used to ensure that the grain would adhere to the needle. The needle

is used to deposit the grain on a filament filled with silica gel and H,PO,. The
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silica gel was dried and fused as described previously. For the fine-grained samples
and residues, the grains were first dispersed in water. An aliquot of this suspension
was removed with polyethylene tubing and a syringe, mixed with silica gel and
H,PO, in a teflon beaker, and loaded onto a filament, similar to the procedure
described for solutions. No special procedures were required for loading chemically
unseparated solutions. |

Standards for the direct loading technique included terrestrial spinel for the
determination of normal Mg isotopic comf)osition in an Al-rich sample, and
terrestrial olivine for normal composition in an Al-poor sample. Crystals from
»Mg-spiked glasses of known composition determined by gravimetry (Armstrong et
al., 1982), were analyzed by DLT to check my ability to precisely measure the
magnitude of large isotopic fractionation.

Lee et al. (1977) have shown by replicate analyses of terrestrial and meteoritic
minerals, that DLT can be used to determine the isotopic composition of chemically
unseparated Mg with a sensitivity and precision comparable to those of the
conventional technique of analyzing Mg from chemically separated samples.
Howéver, there is an unexplained, but well-behaved offset in *Mg observed for Al-

rich samples, discussed in Section 3.4.6.
3.4.5. MASS SPECTROMETER ANALYTICAL CONDITIONS

The filament is heated in the mass spectrometer to a temperature of 1400°C,

then baked at 1400°C for one hour. The current is then gradually increased over
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two to three hours until a stable, growing *Mg ion signal larger than 10" A is
obtained. Data are collected at temperatures of 1470 to 1510°C; samples loaded
by DLT occasionally run at higher temperatures (<1540°C). A typical analysis
consists of three hundred cyclical measurements of *Mg-*Mg-*Mg-*Mg. The
intensity of *?Al was monitored periodically throughout the analysis. For chemically
separated Mg, the intensity ratio I(¥AI')/I(*Mg") was typically 0.2 to 0.5. For
directly loaded samples, initial I(¥Al")/I(*Mg") ratios as high as 11 would decrease
to =2 during the course of the analysis. |

The peak shapes were monitored periodically; data were not collected unless the
peak top was flat for > 1.2 gauss, for the slit widths used (0.008" for the source,
0.025" for the collector, yielding a mass resolving power of 600). A peak shape for
mass 24 taken under these instrumental conditions is illustrated in Figure 3.3.

For Mg analyses, the mass range from 23.3 to 27.6 was also scanned to ensure
that there were no interferences. Lee and Papanastassiou (1974) and Lee et al.
(1977) have discussed the presence of a broad peak due to “Al ions scattered from
the spectrometer tube for Al-rich samples which were not chemically ‘unseparated.
Figure 3.4 illustrates the nature of this background for an Al-rich sample analyzed
by DLT. This ?Al scattered beam starts from mass 24.6, peaks at mass 24.2 with a
flat background under mass 24, and gradually decreases toward lower masses. The
scattered beam intensity at mass 24 is typically =10° the intensity of the primary
YAl beam. This effect was observed for all samples which were not chemically
separated.

The ionization and transmission efficiency of Mg (defined as the number of

singly-ionized Mg at the collector divided by the total Mg on the filament) has been
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Figure 3.3. A scan of the peakshape for mass 24 on the Lunatic mass spectrometer.
The beam intensity is measured with a Cary electrometer as the magnetic field is
- changed in small steps. Isotopic data were not collected unless the peak top was
flat for = 1.2 gauss for the slit widths used (0.008" for the source, 0.025" for the

collector). The mass resolution is approximately 600.
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Figure 3.4. Mg mass spectra obtained by monitoring the beam intensity over the
mass range 23.3 to 27.6. A broad background due to a *Al' scattered beam is
observed for Al-rich samples which were not chemically separated. The background
starts at mass 24.6, peaks at mass 24.2 with a flat background under mass 24, and

gradually decreases toward lower masses.
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determined to be = 4 x 10* using the silica gel loading technique (Schramm et al.,
1970). Special procedures developed in this laboratory for the analysis of extremely
low quantities of Mg in interplanetary dust particles achieved an efficiency as high

as 107 (Esat et al., 1979).
3.4.6. ISOTOPIC RATIOS

Ten sequential cycles of Mg isotopic intensity measurements are grouped in one
set for data analysis. A fractionation factor A®Mg (in permil) is calculated from the
measured 25Mg/“‘Mg) ratios for each set, relative to the assumed normal value
0.12663 (Catanzaro et al., 1966):

APMg = ([(P*Mg#Mg),../0.12663] -1 } x 1000.
The mean *Mg/*Mg of all normal analyses in this laboratory has been determined
to be 0.12475 (Lee et al.,, 1976). The present work is in agreement with this value
(Table 3.3). The Mg fractionation (F,,) is calculated as:

Fy, = A®Mg - A®Mg,
The measured *Mg/*Mg ratios were corrected for mass fractionation effects using a
power law (Russell et al., 1978):
(*Mgf"Mg)r = (*Mg/"Mg)aa/[(A*Mg/1000) + 17

The corrected values reflect nonlinear effects that are expressed as the fractional
deviation in permil of (*MgPMg).,. relative to the normal value 0.139805
(Schramm et al., 1970; Lee and Papanastassiou, 1974):

Mg = {[*Mg/*Mg).../0.139805] - 1} x 1000.

Standards of normal Mg isotopic composition were analyzed regularly during
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these experiments. Table 3.3 and Figure 3.5 present data in chronological order for
measurements of F,, and 6*Mg for a standard solution of pure Mg salt analyzed by
the conventional loading technique (CC). The last four measurements represent
DLT analyses for terrestrial spinel and olivine crystals. Replicate analyses of
standard solutions analyzed by the conventional loading technique exhibited a range
in the measured F,, from 0 £ 0.6 to -1.6 + 0.7%c amu, with a mean FMg equal to

-0.8%eo.

Table 3.3. Thermal Ionization Standards

Sample Fug 3 **Mg Tech
(O/ccamu-l) (C/oo)

nMg-1 -1.3%0.7 -0.9%0.5 cc

-1.0%1.0 0.0x0.8 cc

-0.5£0.3 -0.5*0.1 cc

-0.3x0.3 -0.8=0.3 CcC

-0.820.4 -0.9:0.3 cC

-0.4x0.8 -1.1%0.4 CcC

-1.220.5 0.0:0.3 cC

-0.1:0.6 0.7x0.2 cC

-0.6*0.4 -0.1:0.2 cC

-1.6%0.7 0.2:0.2 CcC

-0.4+0.3 -0.6%0.1 CcC

-0.7%0.3 0.2:0.2 cC

0.00.6 -0.9%0.2 CcC

-1.1*0.4 -0.2%0.3 CC

-1.4%0.4 0.270.2 cC

-1.2*0.5 -0.2%0.2 ccC

-0.720.6 0.2:0.4 CcC

-1.0%0.6 0.0:0.2 CcC

-0.7%0.9 0.3:0.3 CcC

-0.221.8 0.0+0.2 cc

Spinel -1.0*1.0 -0.1:0.3 DLT

Olivine 1.7*0.6 0.1x0.2 DLT

Spinel -2.420.4 ~0.2:0.1 DLT

Spinel -1.8%1.5 0.2%0.1 DLT
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Figure 3.5. Thermai ionization measurements of F, (in permil per amu) and Mg
(in permil) for Mg standards. Analyses are plotted vertically in chronological order,
corresponding to the values listed in Table 3.3. Most measurements are for
standard solutions of pure Mg salt, analyzed by the conventional loading technique.
The last four measurements are for terrestrial samples of olivine and Mg-spinel

analyzed by DLT.
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This measured range in instrumental fractionation is comparable to the
range of *1.5%o0 in ®Mg/*Mg reported by Wasserburg et al. (1977). Isotopic
fractionation outside this range can be attributed to intrinsic fractionation of the
inclusions. Reported uncertainties in F,, are calculated as 20, of the distribution
of Fy, of all the sets of 10 ratios. For an individual mass spectrometer run with
stable Mg intensities, an uncertainty less than 1.5%o is often observed; however, we
believe that the *1.5%o reproducibility observed for replicate analyses provides the
true measure of uncertainty in Fy,. The dominant contribution to the uncertainty is
provided by the beam stability obtained with the silica gel technique.

Repeat analyses 6f terrestrial spinel standards by DLT exhibited Fy, ranging from
-1.0 to -2.4%0 amu’. The F,, value for olivine appears to be anomalously high.
The range of instrumental fractionation appears to be comparable for DLT and the
conventional loading technique.

After correction for mass-dependent fractionation, the >*Mg/*Mg ratios for
standard Mg solutions (free of Al) are in agreement with the normal value 0.139805
(Schramm et al.,, 1970). Lee et al. (1977) have shown by replicate analyses of
terrestrial and meteoritic minerals, that the presence in our mass spectrometer of a
high Al beam for chemically unseparated samples analyzed by DLT leads to an
offset in &®Mg of -1.5%0. This effect is unexplained but appears to be well-
behaved for Al-rich samples. The offset appears to be constant in spite of varying
IFAIN/I(*Mg*) intensity ratios. To correct for this effect, 1.5%0 was added to the
observed data from samples which exhibited a measured intensity ratio

IFAI'/I(*Mg*) larger than 0.5. Terrestrial spinel standards analyzed by DLT
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confirm the reported shift of -1.5%0 in Mg, and yield Mg = 0 when adjusted
by the addition of the 1.5%0 correction (Table 3.3, Figure 3.5). The quoted
uncertainty for *Mg/*Mg is 20, and is typically £0.2%o for analyses by both the
conventional loading technique and DLT. The reproducibility of normals and of

repeat analyses of samples is consistent with this uncertainty estimate.
24.7. REPRODUCIBILITY AND PRECISION

Replicate analyses obtained for aliquots of solutions of dissolved CAI samples
are presented in Table 3.4. Values for &6*Mg are consistent within +0.3%o0, while
values for F,, agree within 1.2%0 amu”. For the samples of HB1 listed in the
Table, one aliquot was analyzed by DLT without chemical separation, while the
other aliquot was analyzed by the conventional loading technique after chemical
separation of Mg. (8°*Mg values for DLT samples in Table 3.4 were corrected for
the -1.5%o offset). The results obtained for F,, and Mg by the two techniques,
DLT and the conventional loading technique (CC), are identical within errors.

Table‘3.4. Replicate Analyses for Thermal Ionization

Sample Fug Mg Tech.
(¢/wamu™) (* /o)
B14-B Soln. -12.2=x1.2 3.0£0.2 DLT
" -12.0%2.0 3.1:0.6 DLT
B7F6 Soln. 11.4%1.4 -1.0x0.4 DLT
" 11.2*1.2 -1.6%0.4 DLT
HB1 Soln. 13.5+1.6 ~-1.320.2 DLT
" 14.61.4 -1.50.5 CcC
DH8 Soln. 25.6%1.0 -0.7=0.2 cc
" 27.9+1.8 -0.6x0.2 cC
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3.4.8. COMPARISON OF TECHNIQUES:
THERMAL IONIZATION AND ION MICROPROBE

In order to establish the precision of Mg isotopic data obtained by thermal
ionization and ion microprobe analysis, samples which had previously been analyzed
in this laboratory were analyzed so that my data could be compared with published
data. Mg fractionation of *Mg-spiked anorthite glasses (AnMg) have been reported
for ion probe measurements and for gravimetric determinations (Armstrong et al.,
1982). I analyzed AnMg grains by DLT. FUN inclusion C-1 has been analyzed
extensively by ion nﬁcroprobc (Huneke et al., 1983) and by thermal ionization (Esat
et al., 1978). 1 obtained a spinel residue of C-1 by acid dissolution; spinel grains
(275 um) were polished in individual grain mounts and analyzed by ion probe.
Table 3.5 presents Mg isotopic data and published data, which agree within a couple
of permil.

Several CAI were analyzed for Mg isotopic composition by both ion microprobe
and thermal ionization. However, a comparison of isotopic data is complicated
because the inclusions are isotopically heterogeneous, with different minerals
exhibiting different fractionation. Individual minerals are analyzed by the ion probe,
whereas thermal ionization measurements yield bulk averages for a dissolved
sample. Mineral separates were not obtained for thermal ionization analyses: the
acid residues consist predominantly of spinel with minor hibonite, while the soluble
fractions include fassaite, melilite, and feldspathoid. Even a 100 pum grain analyzed
by DLT consists of multiple phases (spinel + fassaite). However, there appears to

be no serious disagreement between thermal ionization and ion probe measurements.
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3.5. ION MICROPROBE ISOTOPIC ANALYSES

3.5.1. INTRODUCTION

Chemical and isotopic information on the composition of sample surfaces can be
obtained by secondary ion microprobe analysis. Recent reviews of ion microprobe
applications to geochemistry have been given by Shimizu and Hart (1982) and
Williams (1985). In this work, isotopic compositions were measured using
PANURGE, a modiﬁcd CAMECA IMS-3F ion microprobe (Huneke et al., 1983).
Samples are bombarded with primary ions of keV-energy in order to sputter and
ionize material from the surface. Secondary ions are accelerated and focused by
electrostatic lenses, then analyzed by a double-focusing mass spectrometer.

The following sections will briefly review the instrumentation, sputtering
processes and analytical conditions specific to ion microprobe isotopic analyses

presented in this work.

3.5.2. ION MICROPROBE INSTRUMENTATION

General reviews of ion probe instrumentation have been given by Liebl (1975a,b)
and Slodzian (1980). Figure 3.6 shows a schematic drawing of the components of
the CAMECA IMS-3F ion probe. The following discussion refers to components

labeled in this figure.
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a. Primary Beam Source and Optics

The primary ion source consists of a hollow cathode duoplasmatron (DP in
Figure 3.6). A low-pressure oxygen gas is ionized by an arc maintained between
the Ni cathode and anode. The resulting plasma is confined mechanically and
magnetically between the cathode and anode. The polarity of the anode can be
selected to produce positive or negative primary ions. An intermediate electrode
can be offset to select negative ions, which are concentrated toward the outer edges
of the plasma. Negative oxygen ions are used in this work because oxygen
enhances the positivé secondary ion yield (Section 3.5.3); in addition, negative ions
tend to reduce sample charging.

The primary O beam is accelerated to 10 KV, extracted from the -10 KV
potential on the anode by a grounded lens. The oxygen ions are not mass
separated. = The primary beam column consists of two electrostatic lenses, a
condenser and objective lens; deflectors and limiting apertures. The voltage on the
condenser lens (L1) adjusts the primary current density passing through a limiting
aperture which eliminates scattered ions. The objective lens (L3) focuses the beam
on the sample. Three X-Y beam deflectors and a stigmator are used for beam
alignment and for rastering the beam. Primary beam currents were typically 0.1 to
2 nA, with a beam spot on the sample of 3 to 10 microns. The primary beam
intensity is typically stable to 0.1% over 30 minutes. The primary beam is inclined

30° to the normal to the sample.
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Figure 3.6. Schematic diagram of the components of the CAMECA IMS-3F ion
probe. In the primary column, DP indicates the duoplasmatron source, L1 the
condenser lens and L3 the objective lens. The primary column is oriented 60° to
the sample. In the ion extraction system, IL denotes the immersion lens, TL the
transfer lenses, CA the contrast aperture, Slitl the spectrometer entrance slit and FA
denotes the field aperture. ESA indicates the electrostatic analyzer, E the energy
slit, M the magnet, d1-4 indicate deflectors, Stig denotes the stigmator and PL the

projection lenses.
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The polished sample surface is viewed through an 80x optical microscope. The
specimen chamber pressure is typically =10° torr. A liquid nitrogen-cooled cold
plate is used to condense water vapor and hydrocarbons in the vicinity of the

sample.

b. Secondary Ion Extraction System

The secondary ion extraction system serves to accelerate and focus the sputtered
jons. Secondary ions from the sample, which is maintained at a potential of
+4.5 KV, are accelerated and focused by an immersion lens (IL). Small offsets (5
to 15 V) are applied to the accelerating potential to compensate for sample
charging. Three transfer lenses (TL) serve to limit the collection angle in order to
optimize secondary ion transmission from a 25, 150, or 400 um diameter area; only
the 150 um lens was used. The TL acts to form a virtual image of the sample at
the entrance to the ESA. |

The secondary ion beam passes through a contrast aperture (CA) which serves to
limit the solid angle and energy of the secondary' ion beam. The CA and an
adjustable spectrometer entrance slit (Slitl) lie in the image plane of the crossover.
Interchangeable field apertures (FA) located in the image plane of the virtual image
of the sample, allow ions sputtered only from the central 8, 60 or 150 um diameter
region to enter the mass spectrometer. The smallest aperture was used for the
analysis of fine-grained phases, but this aperture also sharply restricts the beam
intensity. For the larger field apertures, the dimension of the area on the sample
analyzed is a function of the primary beam current and focusing; for the smallest

field aperture, the resolution is limited to 8ptm.
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Tuning of the instrument, which is critical to optimizing the secondary ion
intensity, involves adjusting the lens voltages in the secondary ion extraction system
in an iterative manner. Tuning specifically involves adjustment of the transfer lens,
spectrometer lens, contrast apertures, immersion lens and projector lenses. Typical

operating parameters for the ion probe are shown in Table 3.6.

Table 3.6. Ion Probe Operating Parameters

0 arc current 50 mA
Primary accelerating voltage -10 kv
Secondary accelerating voltage +4500 V
Immersion lens voltage +4717 V
Transfer lens voltage +6391 V
Spectrometer lens voltage +4411 V
Projector lens voltage +6929 V
Electron multiplier voltage -3000 Vv
Imaged field 150 um
Contrast aperture 60 um
Focused beam diameter 10 um
Energy bandpass 60 V
Sample chamber pressure 2x10°® torr
Primary column pressure 2x10°® torr

c. Energy and Mass Analysis

Due to the wide energy spread of the sputtered ions, averaging a few ev, a
double-focusing system (in energy and momentum) is necessary. lons are
distinguished by mass using a magnetic sector (M), and by energy using a spherical
electrostatic analyzerA (ESA1). Energy filtering serves to improve mass resolution
and reduce aberrations. An energy slit (E) located at the crossover plane after the

electrostatic analyzer, serves to limit the bandpass in energies. A wide energy



85

window was used to minimize changes in instrumental fractionation due to sample
charging. A spectrometer lens (SL) refocuses the ions on the exit slit of the
magnet. The SL creates a virtual image of the sample or slit inside the magnetic
analyzer (M).

The magnet (12.7 cm) separates ions according to the mass to charge ratios. The
mass resolving power (defined as M/AM, where AM is the peak width at 10% of
the peak height) is determined by the widths of the mass spectrometer entrance
(Slitl) and exit slits (Slit2). The resolving power can be adjusted between 600 and
10000, however a resolving power between 3000 and 5000 was typically used in
this work. The maghet is operated in an automated peak-jumping mode, by cycling
through a preselected series of magnetic field settings in order of increasing mass.
The magnet stability is <5 ppm over short timescales. The program monitors drift
in the magnetic field.

A stigmator is located between the magnet and the spectrometer exit slit (Slit2).
The exit slit is located at the crossover plane of the mass spectrometer. The
projector lenses (PL) focus the ions onto a microchannel analyzer plate (MCA) used
to produce an image which is viewed on a television screen. Ton images can be

used to determine chemical distributions in a sample.

d. Ion Detection System
Ions exiting the mass spectrometer can be deflected by an electrostatic analyzer
(ESA2) to an electron multiplier. The electron multiplier (Balzers SEV217) is

operated in a pulse counting mode at a gain of =10’ electrons/ion and a voltage of
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-3000 volts.

Secondary ion intensities were measured by pulse counting; background
intensities between peaks were always less than 0.1 counts/sec. A block diagram of
the components in the ion counting system is illustrated in Figure 3.7. Signals from
the electron multiplier were amplified by a factor of ten by a preamplifier, and
pulses exceeding a discriminator threshold of 50 mv were registered by a Philips
PM6654 programmable high-resolution counter. Data are acquired under the control
of, and analyzed by a Hewlett-Packard 9845B computer.

Counting rates are corrected for deadtime losses in the detection system by the
following equation: |

N=N/(-N7),
where N is the true count rate, N’ is the measured count rate and T is the
instrumental deadtime. Ti isotopic ratios were determined on a Ti metal standard
and fitted to normal ratios using a power law. The deadtime is determined by the
deviation of the most abundant isotope ®Ti from this best fit line. The deadtime
appears to be independent of the Ti count rate. The dead time varied over a time
interval of several months from 12 to 19 ns, due to aging of the electron multiplier.

Reported isotope ratios have been corrected for deadtime counting losses, using
the appropriate deadtime determined at the beginning of each data collection period.
Standards and unknowns were measﬁred at the same count rates to minimize

uncertainties in the deadtime.
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Figure 3.7. Block diagram of the ion counting system in the CAMECA IMS-3F ion
probe. The 17-stage Balzers electron multiplier is operated in a pulse counting
mode at a gain of 107 electronsfion and a voltage of 3000 volts. Signals are
amplified by ten by a preamplifier; pulses exceeding a discriminator threshold of 50
mv are registered by a Philips high-resolution counter. Data are analyzed by a

Hewlett-Packard 9845B computer.
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Deadtime corrections typically resulted in a correction of <2%o in the isotope
ratios for the counting rates used. An uncertainty of 2 ns in the deadtime results in
an uncertainty of =0.5%o¢ in the isotopic ratio. The deadtime uncertainty has less

effect on the isotopic ratios at lower count rates.

3.5.3. SPUTTERING AND SECONDARY ION FORMATION

a. Sputtering and Ion Production

Sputtering in the ion microprobe involves the bombardment of a solid surface
with high-energy (keV) ions, leading to the ejection of neutral and ionic species.
This process has been described as a collision cascade, where the primary ion
transfers its energy through a series of elastic and inelastic collisions with the
crystal lattice. Atoms from the outer few atomic layers of the surface may be
ejected if they acquire kinetic energy greater than the binding energy of the solid,
and momentum directed back toward the surface. The observation that secondary
ion energy distributions peak at low energies (5 to 10 ev), in spite of bombardment
by high-energy ions, demonstrates that high-energy recoils are not the dominant
mechanism for sputtering. Sputtering occurs on a timescale of =10 sec. (Williams,
1979).

Secondary particles consist mostly of excited neutral atoms, accompanied by
positive and negative ions, as well as molecular species. The secondary ion current

measured is a function of several variables (Wermer, 1974):
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1) the primary ion current,
2) the sputtering yield = the number of atoms sputtered per primary ion,
3) the degree of ionization = the number of secondary ions per secondary
neutral particle,
4) the concentration of the element in the substrate, and
5) the transmission of the mass spectrometer.

A comprehensive theory for the physics of secondary ion emission is not
available.  Reviews have been provided by Wemer (1974), Schroeer (1975),
Slodzian (1980) and Williams (1979, 1983, 1985) and Sigmund (1981). There are
several experimentai observations which need to be explained by any model for
secondary ion emission. First, secondary ion yields vary by many orders of
magnitude for different elements and appear to be a funétion of the electronic and
chemical properties of the solid surface. Second, positive secondary ion yields
approximately exhibit an inverse dependence on the ionization potential of the
sputtered species. In addition, positive secondary ion yields are enhanced by the
presence of electronegative species such as oxygen at the sample surface. This
effectb is observed for oxygen present in the sample surface (as an oxide), in the
bombarding primary ion species, or in the residual vacuum of the instrument.

Most models for secondary ion emission assume that secondary ions are
generated within the target as part of the atomic collision process. The most
widely-held model for ionic materials is the bond-breaking model of Slodzian
(1975), which postulates that ion emission occurs through the dissociation of pre-

existing ion pairs near the surface. For oxide materials with only partial ionic
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character, collisions cause the breaking of chemical bonds, leading to the excitation
and loss of electrons to the surrounding matrix. The presence of electronegative
elements, such as oxygen, increases the positive secondary ion yield by decreasing
the availability of electrons for the neutralization of sputtered ions. This model is

qualitative rather than quantitative.

b. Isotopic Fractionation during Sputtering

It is important to note that sputtering processes have been shown to exhibit a
mass dependence which leads to differential sputtering for isotopes (Russell et al.,
1980; Gnaser and Hutcheon, 1987). This isotopic fractionation appears to be a
function of the kinetic energy of the secondary ions. Lighter isotopes are
preferentially sputtered since they acquire higher velocities. Gnaser and Hutcheon
(1987) have shown that fractionation in sputtering exhibits a linear dependence on
the inverse velocity of the secondary ions ejected.

Ion probe experiments by Gnaser and Hutcheon (1988) have shown that the
sputtered ions are initially enriched in the lighter isotopes (up to 54%o for Li);
however, this light isotope enrichment decreases monotonica_lly with increased
sputtering and erosion until reaching the steady state value for the sample. These
experimental results have been explained, by comparison with computer simulations,
by a model involving momentum asymmetry: a greater fraction of light atoms
preferentially escape because more light atoms are scattered by large angles during

collision cascades and carry net momentum back toward the sample surface.
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c. Matrix Effects: Chemistry

The ionization efficiency and isotope composition of secondary ions of a
particular element depend upon matrix effects, including sample chemical
composition and variations in bond strength of the element with other matrix
elements. ' The measured isotopic fractionation of an element has been shown to be
dependent upon substrate mineralogy and chemical composition (Hutcheon, 1982;
Huneke et al., 1983; Slodzian, 1980). FQr example, ion probe instrumental
fractionation for Mg (A¥Mg) typically ranges from -2%o to -12%o0 amu’ for silicate
and oxide phases. Hutcheon et al. (1987) found that A*Mg values for spinel,
fassaite and iron fnetal fall within this range, while magnetite exhibited more
extreme A¥Mg values ranging from -15 to -22%o0 amu’.

I have attempted to clarify the extent of matrix effects on isotope fractionation of
Mg for varying chemical compositions of minerals of interest to isotopic
measurements on CAI phases. This has involved measurements of Mg isotope
fractionation (A®Mg) on a series of spinel and olivine standards with a range in
chemical compositions. Table 3.7 lists the instrumental fractionation (A*Mg) for
individual analyses of standards of varying chemical compositions. The iron content
is indicated by the hercynite content (Hc) for spinel, by the forsterite (Fo) content
for olivine. Instrumental fractionation of Mg appeared to be constant as a function
of Fe content for the spinel and olivine standards measured. = However, the

measured Al* intensity was much higher for Fe-rich spinel than for Mg-spinel.
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Table 3.7. Fractionation as a Function of Chemical Composition

Sample Chemistry APMg (° /o amu™?)
Burma Spinel Hcl -12.1:1.2
Herc. Spinel Hc32 -14.0:1.5
Herc. Spinel Hc56 -14.2%1.4
Marj. Olivine Fo90 - 9.3£0.9
Spring.0Olivine Fo82 - 8.1%1.2
9.0%1.4

Horton.Olivine Fo53 -

d. Relevance to Ion Probe Measurements

The observation that electronegative elements such as oxygen enhance the
emission of positive secondary ions has led to the common use of oxygen as a
bombarding species in the analysis of geological samples, where positive secondary
ions are typically measured. A negative oxygen primary beam is used because this
decreases sample charging and increases the secondary ion beam stability.

The fact that sputtering causes erosion of the sample surface and generation of
secondary ions from successive depths in the sample means that repeated
measurements are not simply replicate analyses of the same material, but analyses of
material from increasing depth in the sample.

The observation that secondary ion yields may vary by several orders of
magnitude for different elements as a function of the ionization potential of the
sputtered species, complicates chemical analysis and phase identification by ion

probe analysis. This requires the use of standards for each element analyzed.
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Finally, the presence of matrix effects which influence the ionization efficiencies
and instrumental fractionation requires the use of standards of chemistry and
mineralogy similar to the phases under analysis. Extensive efforts were undertaken
to obtain terrestrial standards with chemical compositions similar to each CAI phase

analyzed.
3.5.4. ANALYTICAL CONDITIONS

The ion microprobe was used to measure isotopic compositions of Mg, Si, Cr
and Fe in Allende inclusions. Procedures relevant to ion microprobe analyses have
been discussed by Huneke et al. (1983) and Hutcheon et al. (1987). Instrumental
conditions were adjusted for each set of analyses to obtain the required mass
resolving power and spatial resolution, and will be discussed below.

Carbon or gold-coated polished sections were sputtered with a 14.5 kV O
primary beam using a 0.1 to 2 nA current focused to a 3 to 10 micron spot.
Figure 3.8 shows a secondary electron image of two holes produced by ion probe
analysis. At the beam currents used, the depth of sputtering is typically a few
microns per hour.

Grains preselected on the SEM were located in the ion probe with the use of the
optical microscope and reflected light maps of the inclusions. Prior to data
collection, the ion intensities of relevant elements (Na, Mg, Al, Si, Ca, Ti and Fe)
were measured to ensure that the beam is located on the desired phase, and to
ensure that there is no beam overlap onto adjacent phases. Single-mineral phases

were particularly difficult to locate for fine-grained inclusions, which consist of
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Figure 3.8. Secondary electron photograph showing two holes excavated by ion

probe analysis during approximately one hour of sputtering.
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minerals frequently intergrown on a micron scale.

Prior to analysis, a high-resolution scan (measuring ion intensity as a function of
the magnetic field) is obtained for each mass peak to check the instrumental tuning,
and to check that the mass resolution is sufficient to exclude interferences. Figure
3.9 shows a high—resblution scan for mass 25 which is resolved from the smaller
hydride (*MgH*) peak at a mass resolving power of 3170. Peaks are typically flat
for 3 to 10 milli atomic mass units.

A typical analysis consists of 50 to 200 cycles of measurements of a mass
sequence in order of increasing mass. The magnetic field steps successively to each
mass peak, measuriﬁg the ion current at the peak center and at the half-intensity
positions on the low and high mass sides of each peak, to determine if the magnetic
field value has shifted from the previous cycle. The magnet control program will
compensate for any drift in the magnetic field during analysis. For analysis of
extremely low-intensity peaks, e.g., for measurements of Mg in anorthite, the mass
dispersion of the lower abundance isotopes (masses 25 and 26) can be fixed with
respect to a higher intensity peak (mass 24). In this case, only the peak centroids
are méasured for masses 25 and 26.

One ion species in the mass sequence is used as a reference isotope to ratio all
other ion currents, to compensate for any drift in the primary beam and sputtered
ion yield.

Gradual removal of the conductive coating during sputtering typically caused the
sample to charge by a few volts. Charging causes shifts in the energy distribution

of the emitted ions, possibly affecting the measured isotopic composition. Our
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Figure 3.9. Peakshape obtained mass 25 on the CAMECA IMS-3F ion probe, using
a mass resolution of 3171. The peak intensity is monitored as the magnetic field is
changed in small steps. The *Mg* peak is adequately resolved from the smaller

»MgH"* hydride peak at this resolving power.
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experiments show that charging causes the measured instrumental fractionation to
become increasingly positive by a few permil during the time of acquisition of =100
cycles. These charging effects were limited by recoating samples, and by limiting
the number of successive data sets collected on small grains. Fractionation was
determined from the first 50 to 100 cycles to minimize shifts due to charging.

Standards similar to phases analyzed in the CAI were analyzed daily. It was
important that instrumental tuning conditions b¢ the same for standards and samples.
For analysis of thin sections, the instrument tuning is checked by focusing on the
ion image of fine-grained matrix minerals. Isotopic data were periodically collected
on olivine chondrules in the matrix near the refractory inclusions to check for
differences in instrumental fractionation between standards in grain mounts and
inclusions in thin sections. No differences were observed.

A grain mount of FUN inclusion C-1 was analyzed periodically for Mg and Si
isotopic compositions during the course of ion probe analyses as a check on the
magnitude of the measured isotopic fractionation. This inclusion has been analyzed
extensively by thermal ionization (Esat et al., 1978) and ion microprobe analysis
(Huneke et al.,, 1983) and has been shown to be isotopically homogeneous. Mg
fractionation was measured for spinel and fassaite, while Si fractionation was

determined for fassaite.

a. Isotope Ratios; Standards
For determination of isotopic ratios, the ion intensities are corrected for deadtime

counting losses, using the deadtime determined at the beginning of each set of data
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collection. Two types of isotopic fractionation data are presented in this work: 1)
measured or unnormalized data (AY) for standards, representing instrumental
fractionation; and 2) fractionation measurements (F) for samples, corrected for
instrumental fractionation. For measurements of isotope fractionation, the
unnormalized data (AY) are calculated as deviations (in permil per mass unit) of the
measured isotope ratios for the sample (RY), relative to the normal values (RY)
reported for terrestrial isotopic abundances:

A= {(RV/R%)-1}x10°/ (m - m) (units: %o amu™).

Isotope ratios determined on the ion probe may deviate from the composition in
the sample due to two mass-dependent effects: 1) instrumental fractionation
accompanying sputtering and detection; and 2) fractionation in‘trinsic to the
inclusion. Isotope fractionation intrinsic to the CAI phases is determined from the
difference in the measured isotope ratios for the samples relative to the isotope
ratios of terrestrial standards (std) of similar mineralogy and chemistry:

F = A" - AV
Uncertainties reported in F¥ include both the uncertainty in an individual isotope
ratio measurement (due primarily to counting statistics) and the uncertainties in

instrumental fractionation for each standard.

b. Ion Probe Analysis
For fine-grained inclusions, only Mg isotopes were measured. Phases analyzed
by ion probe analysis in fine-grained inclusions include: spinel, hedenbergite,

feldspathoid, olivine and fassaite. For coarse-grained inclusions, the phases analyzed
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for Mg, Si, Cr and Fe isotopes are listed in Table 3.8.

Table 3.8. Phases Analyzed in Coarse-Grained Inclusions.

Sample Isotopes Analyzed in Each Phase
Mg Si Cr Fe
DH8 Spinel Spinel Spinel
Fassaite Fassaite
Anorthite Anorthite
B7F6 Spinel
Fassaite Fassaite
Anorthite
Olivine
Hedenberg
B7H10 Spinel
Fassaite Fassaite
Olivine Olivine
HB1 Spinel Spinel Spinel Metal
Melilite Pentlandite
Grossular Grossular
Andradite
Fassaite
Hibonite
Mg isotopes

Data were collected using a mass resolution of 3000, which is sufficient to
resolve all molecular interferences in the regions of interest, such as Mg hydrdes
(Hutcheon, 1982). A typical analysis consisted of 50 to 200 cycles of the sequence
*Mg*-PMgr-$Mg*.
“Ca* were measured for Mg-poor anorthite in order to determine Al/Mg ratios.

Count rates for *Mg* ranged from 5x10° counts/sec for Mg-rich phases such as

spinel and pyroxene, to 5x10° counts/sec for anorthite.

Z7Al* was also measured for Mg-rich phases, while “Ca™ and
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A®Mg values express the deviation (in permil) of the measured *Mg/**Mg relative
to 0.12663 (Catanzaro et al.,, 1966). Nonlinear isotope effects (3*Mg) are expressed
as the fractional deviation (in permil) of *Mg/*Mg, relative to 0.13955, after
correction for mass fractionation using a power law (Russell et al., 1978). This
normal value differs from the value 0.139805 obtained for standards by thermal
ionization, but is closer to the value 0.13932 reported by Catanzaro et al. (1966).
This discrepancy between values used for normalization for the two techniques is
not well understood.

Terrestrial standards include Mg-spinel, hercynitic spinel (Hc56), Ti-pyroxene
glass, anorthite, hibonite, diopside, grossular, nepheline, forsteritic olivine (Fo90) and
fayalitic olivine (Fo70, Fo53), where Fo denotes the forsterite content and Hc the
hercynite content. Table 3.9 lists average values of A®Mg and &°Mg for these
mineral standards. FErrors are 20,.,. Instrumental fractionation (A*Mg) ranges from
-8.1%0 for olivine to -14.5%0 amu™ for grossular. Replicate analyses of A¥Mg for
individual Mg-rich standards yield a reproducibility of +1.4%o0 amu'. A”Mg for
spinel appeared to be independent of Fe content, as indicated by overlapping ranges
of A¥Mg for Mg-spinel and hercynitic spinel. A three isotope diagram of the
unnormalized Mg ratios for individual analyses of Mg-spinel and hercynitic spinel is
shown in Figure 3.10. The data lie along a line of slope 1/2. Similarly, forsteritic
olivine and the more fayalitic olivine standards yielded overlapping A®Mg.

In addition to Mg isotopic ratios, the “Al'/*Mg* secondary ion ratio was
monitored to check that the beam had not penetrated into a new phase, and to

determine the atomic Al/Mg ratio: Al/Mg = (sensitivity factor) x YAl'/*Mg".
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Figure 3.10. Three isotope correlation plot for Mg, showing measured ratios for the
terrestrial standards Burma spinel (Mg-rich) and hercynitic (Fe-rich) spinel. The
data plot along a mass fractionation line of slope 1/2, with a total range in

instrumental fractionation of = 10%o0 amu’.
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A composition-dependent sensitivity factor was determined for each mineral by
measuring the secondary ion ratio YAl'/*Mg* on the ion probe, and the Al/Mg atom
ratio by EDS or electron probe analysis (Hutcheon, 1982; Huneke et al., 1983).
Sensitivity factors were 1.25 * 0.06 for spinel and pyroxene. For anorthite, the
7Al" signal was too intense to measure at the high primary beam currents used to
obtain sufficient *Mg* signal. ?Al/»Mg ratios for anorthite were determined by
comparing “Ca™/*Mg" and “Ca’/“Mg" measured in anorthite with respective ratios
measured in terrestrial plagioclase (=An95) with a well-determined Mg content and

major element composition.

Si_isotopes

Isotopic data were obtained for the mass sequence *Si*-**Si*-*Si* and collected at
a mass resolution of 3000, sufficient to resolve hydride interferences and “N'®O".
Counting times of ten seconds were used for masses 29 and 30. Typical count
rates for *Si* using a 1 nA primary beam current were 2x10° counts/sec. A¥Si
values reflect the deviation of the measured *Si/®Si ratio relative to 0.05063 while
nonlinear effects (6*Si) reflect the deviations in 30Si/28Si relative to 0.03362
(Barnes et al., 1975) after correction for fractionation using a power law.

Values of 8%Si for terrestrial standards (Table 3.9) exhibit a consistently negative
offset of a few permil with respect to the quoted normal value. Data for inclusions
are reported relative to the average value of the standard analyses.

Standards included synthetic Ti-rich pyroxene and melilite glasses, terrestrial

hedenbergite, anorthite, melilite, hercynitic spinel, olivine and nepheline. Figure
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311 shows unnormalized A®Si and A®Si data for individual analyses of standards,
which plot along a line of slope 1/2. The precision of Si isotopic measurements is

typically +1.8%o amu for A®Si analyses.

Table 3.9. Mg and Si Isotopes in Ion Probe Standards

Sample A Mg 8 2Mg A%°3i §°°si
famu”t ° foc /o @amu”t S Jen
Burm Sp -14.9:1.2 0.2*=0.6 -- -=
Herc Sp -14.2%1.4 0.1*1.0 -43.7%*7.0 4,7+1.3
Marj Ol - 9.3%0.9 0.2%*0.9 -- --
Spr 01 - 8.1:0.9 0.6*1.6 -39.0t2.0 -6.2%3.6
Chond -10.0:0.9 1.6¥2.3 -- -=
Ti-pyx - 9.2%1.2 0.3%1.3 -37.2%0.7 -3.9:1.1
Plag - 8.5*3.5 2.62.3 -32.2%0.8 -2.2%1.7
Hib - 8.4%1.2 0.5*2.1 -- -
Diop - 8.8*1.1 -0.6%1.8 -- -=
Mel - - -39.0%1.2 -5.9*2.0
Gross -14.5:1.7 0.8%¥C.7 -40.2*0.9 -5.2*1.6
Hedenb - 9.5*1.6 -0.8%2.3 -37.5%1.0 -3.9t1.8
Neph —- —- -30.0%0.9 -4.2:2.1

Cr isotopes

Isotopic data were collected at a mass resolution of 4600, with measurements
obtained for the mass sequence *Cr*-Cr-*Cr’. *Cr was not measured due to
interferences from *Fe. Counting times of ten seconds were used for masses 50
and 53. A beam current of 1 nA was typically used, with count rates of 3x10°
counts/sec for ®Cr. Data are corrected for isotope fractionation by normalizing to
©Cr/2Cr = 0.051859. The principal interference is due to *Ti. Standards include
Cr-metal and Cr-rich spinel. Precision of Cr isotopic measurements is typically

+2%o0 amu’ for spinel analyses.
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Figure 3.11. Three isotope correlation plot for Si, showing unnormalized data from
several terrestrial standards. The data plot along a mass fractionation line of slope

1/2, with a total range in instrumental fractionation of = 10%o0 amu™.
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Fe isotopes

Measurements were obtained for spinel and phases in opaque assemblages, for
the mass sequence *Fe*-*Fe*-"Fe* with counting times of ten seconds for masses 54
and 57. Typical count rates for *Fe were 5x10* counts/sec for a 1 nA primary
beam current.

Data were collected using a mass resolution of 5500, which is sufficient to
resolve *FeH"' and “Fe*. Molecular interferences such as Si,", MgO," and CaO", are
well-separated from the Fe peaks at this resolving power. Interferences by *Cr* and
*Ni* remain unresolved from *Fe and *Fe respectively; peak stripping procedures
are required to separate these interferences. Cr interferences can be corrected by
measuring the “Cr*/*Fe* ratio and assuming *Cr/’Cr = 0.027535. Analyses were
obtained only for Fe-rich spinels with low Cr contents, so that corrections from Cr
interferences were no more than a couple of permil. Due to the high abundance of
Ni in the metal phases in the opaque assemblages, the *Fe/*Fe ratio was not
measured.

Terrestrial standards included: Fe and FeNi metals, pentlandite, magnetite,
ilmenite, hercynitic spinel, hedenbergite and Fe-rich olivine. ~The instrumental
fractionation for Fe isotopes in standards is illustrated in Figure 3.12. Fractionation
is determined from the *Fe/*Fe ratio. Two distinct ranges of fractionation were
observed. Metals, oxides and sulfides exhibit fractionation =31%o0 amu’, while
spinel and silicate standards exhibit fractionation =17%o amu™.

This strong dependence of instrumental fractionation on phase composition

necessitated careful location of the primary ion beam when analyzing phases in CAI
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Figure 3.12. Instrumental fractionation (in permil/amu) for iron isotopes, determined

from the *Fe/*Fe ratio.

Two distinct ranges were observed. Metals, oxides and

sulfides exhibit fractionation of 31%c amu’, while spinel and silicates exhibit

fractionation of =17%o0 amu™.

except where indicated.

Errors are smaller than the size of the symbols,
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apd a definitive identification of the phase analyzed, so that the relevant standard
could be used for correction of the data. In the majority of cases, analyses were
obtained for single phases, as determined by measuring ion intensities of relevant
elements on the ion probe, and by studying the regions on the SEM after ion probe
analysis. In selected cases, analyses appeared to be for mixtures of phases. In
these cases, it was important to carefully estimate the percentages of each phase
present, by examination of the analyzed region using the SEM. Then the
instrumental fractionation for the mixture of phases was estimated, using the

percentages of each phase present, and the measured fractionation of each phase.
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Figure 4.1. Purple Spinel-rich Inclusion B7F6 (5x2 mm). B7F6 is a FUN
inclusion, consisting predominantly of spinel, fassaite and feldspathoid. Note the

abundant void space and the irregular shape of the inclusion.
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CHAPTER FOUR

FUN ISOTOPIC ANOMALIES AND ISOTOPIC HETEROGENEITY

IN PURPLE SPINEL-RICH INCLUSIONS

4.1. INTRODUCTION

A few rare Ca-Al-rich inclusions in carbonaceous chondrites have retained
evidence of primordial heterogeneity in the presolar nebula. The inclusions exhibit
large, correlated isotopic anomalies for many elements, and have provided insight
into a broad range of nucleosynthetié and nebular processes.

The inclusions have been named FUN inclusions for isotopic Fractionation and
Unknown Nuclear effects (Clayton and Mayeda, 1977; Wasserburg et al., 1977).
These refractory inclusions show characteristic isotopic effects consisting of large
mass-dependent fractionation for O, Mg and Si, coupled with nuclear anomalies for
all elements measured (O, Mg, Si, Ca, Ti, Cr, Sr, Ba, Sm).

The large isotope fractionation effects in FUN inclusions have provided
constraints on early nebular processes such as condensation, evaporation, and the
mixing and preservation of reservoirs (Niederer and Papanastassiou, 1984; Clayton et

al., 1985). The unique patterns measured for isotopic anomalies are correlated over



110
relatively broad regions of the chart of nuclides. Comparisons of observed isotopic
patterns with predictions from theoretical astrophysical models, have provided insight
into possible sources of nucleosynthetic material injected into the solar nebula (cf.
reviews by Wasserburg et al., 1980; Begemann, 1980).

An understanding of the origin of FUN anomalies has been hindered by: a) the
rarity of inclusions exhibiting FUN anomalies; b) the lack of petrographic or
chemical characteristics which distinguish FUN inclusions from isotopically normal
CAI; and c) observations that some inclusions exhibit large isotopic fractionation
effects (210%0 amu™), which are not accompanied by nuclear anomalies. These

issues will be addressed in this chapter.

I have identified a new class of coarse-grained inclusion in Allende, which are
important because they exhibit an unusually high frequency of FUN isotopic
anomalies.  Approximately 20% of these inclusions exhibit FUN anomalies, in
contrast to <6% of typical coarse-grained inclusions. The inclusions in this class
are distinguished by macroscopic characteristics, including high spinel contents and a
distinct purple color (Figures 1.1b, 4.1), hence the name: ‘Eurple, Spinel-rich
Inclusions (PSI; Brigham et al, 1987). Four new FUN inclusions have been
identified among twenty CAI analyzed. @ These FUN inclusions exhibit large
fractionation favoring the heavier isotopes for Mg (ranging from 12 to 39%c amu™)
and Si (up to 17%o amu), as well as small deficits in *Mg and *Si (Brigham et

al., 1987, 1988). Large nonlinear effects in Ca, Ti and Cr have been measured
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(Papanastassiou and Brigham, 1989), confirming the identification of the inclusions
as FUN.

This chapter presents a) thermal ionization measurements of Mg isotopic
compositions of twenty PSI, including four new FUN inclusions identified by this
survey; b) detailed petrographic and isotopic data for three fassaite and spinel-rich
inclusions (B7F6, B7H10, DH8) and one melilite and spinel-rich inclusion (HB1),
all of which exhibit FUN isotopic anomalies; vand ¢) ion microprobe measurements
of Mg, and Si isotopic compositions in these FUN inclusions.

Specific problems investigated include the following: 1) the degree of isotopic
reequilibration was determined by measuring variations in isotopic fractionation for
coexisting mineral phases within individual inclusions; 2) the importance of
volatility-controlled processes in the evolution of CAI was studied, by searching for
correlated fractionation for Mg, Si and Cr; 3) the degree of mineral alteration and
chemical migration was determined by analyzing fractionation in secondary phases;
and 4) timescales for formation were constrained by determination of the presence

of the short-lived isotope *Al.

4.2. FUN INCLUSIONS: PREVIOUS WORK

FUN isotopic anomalies were first identified in two Type B coarse-grained
Allende inclusions (C-1 and EK-1-4-1), which exhibited large fractionation, and
small nonlinear effects for O and Mg (Wasserburg et al., 1977; Clayton and

Mayeda, 1977). The observed nonlinear effects consisted of small apparent deficits
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in Mg and excesses in 0. Oxygen isotopic compositions of FUN inclusions plot
Y off the mixing line of slope unity observed for Allende CAI, and can be explained
as resulting from fractionation of an '*O-enriched reservoir, followed by exchange
with isotopically normal material. Large Mg fractionation effects were observed:
+30%0 for C-1 and +20%c amu’ for EK-1-4-1. Nonlinear effects for *Mg, -1.7%o
for C-1 and -3.7%0 for EK-1-4-1, are not correlated with the magnitude of Mg
fractionation. Similar effects are reported for silicon, consisting of large isotopic
fractionation and small deficits in ¥Si (Clayton et al., 1978). Petrographically, these
two coarse-grained FUN inclusions consist predominantly of fassaite, melilite, and
spinel, with minor anorthite. The inclusions do not appear petrographically distinct
from typical Type B CAI; however, EK1-4-1 has not been studied in detail.

Subsequently, isotopic anomalies were identified in these two inclusions for all
other elements measured: Si, Ca, Ti, Cr, Sr, Ba and Sm, plus Nd anomalies for EK-
1-4-1 only (cf. review by Lee, 1979; Wasserburg et al., 1980; Niederer et al., 1980;
Papanastassiou, 1986). The isotope patterns for nonlinear effects in C-1 and EK-1-
4-1 are distinct, and not complementary for any of the elements. In other words,
one can not obtain the normal solar system composition, by a mixture of the two
exotic components represented by the two inclusions. This can be illustrated using
data for Ti isotopes (Niederer et al., 1980). Both inclusions C-1 and EK-1-4-1
show small excesses in “'Ti (after normalization to “Ti); however, C-1 also exhibits
deficits in “Ti and *Ti, while EK-1-4-1 exhibits excesses in these isotopes. Ti
isotopic anomalies for the two inclusions, coupled with observations of endemic

excesses in *Ti in most CAI, require the addition of at least three isotopically
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distinct nucleosynthetic components to the solar nebula (Niederer and
_ Papanastassiou, 1981). One further important observation is of a general correlation
in FUN inclusions, between effects for the most neutron-rich isotopes of three
elements, *Ti, *Ca and *Cr, suggesting contributions from a neutron-rich
equilibrium nucleosynthetic process (Niederer et al., 1985).

The observations for O and Mg isotopes for inclusions C-1 and EK-1-4-1
suggested that large fractionation effects are associated with, and may be indicative
of more general isotopic anomalies for other elements. Two forsterite-bearing, Type
B inclusions were subsequently identified (CG-14 and EK-25-S2-TE), which exhibit
strongly fractionated O, Mg and Si (Clayton et al., 1984). Mg fractionation was
determined to be 18 and 14%0 amu’, respectively, for the two inclusions. However,
no nuclear (UN) anomalies were observed for heavy elements (Papanastassiou and
Wasserburg, 1983; Shimamura et al.,, 1983); therefore, the inclusions can not be
considered FUN. These data indicate that the presence of large fractionation effects
may not be sufficient for the identification of UN anomalies. It is important to note
that UN effects for Mg, consisting of deficits in Mg, may not be indicative,
because these deficits may be obscured by radiogenic decay of *Al to its daughter
*Mg.

A hibonite-rich inclusion HAL was identified, which exhibits O, Ca and Ti
isotopic anomalies (lLee et al, 1979), and appears to be a FUN inclusion.
Furthermore, extremely large isotopic anomalies have been measured, using the ion
microprobe, in some hibonite grains isolated from CM chondrites (Fahey et al.,

1985; Hinton et al., 1987; Zinner et al., 1986). The hibonite grains exhibit deficits
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and excesses in both *Ti (-50 to +104%0) and “Ca (-46 to +54%0). The magnitude
of these anomalies is larger than those observed in FUN inclusions; however the

presence of these effects in hibonite grains is not well understood.

4.3. PETROGRAPHIC DESCRIPTIONS

4.3.1. CLASSIFICATION OF PSI INCLUSIONS

Purple, spinel-rich inclusions vary widely in petrography. Approximately half of
the PSI consist predominantly of fassaite and spinel, and appear petrographically
related to Type B CAI (Grossman, 1975), but differ in their high spinel content
(= 50%), low modal abundances of melilite and anorthite, and high abundances of
Na- and Fe-rich phases. These will be called Type B PSI inclusions, where the
classification is determined by their major mineralogy (spinel plus fassaite).

About 25% of the PSI consist predominantly of melilite and spinel, and are
petrographically similar to Type A CAL. The remaining PSI are rich in spinel and
anorthite, with minor olivine, and resemble Type C CAI (Wark, 1987).

Table 4.1 lists the inclusions studied, and the major minerals observed in each
inclusion in order of decreasing abundance. Modal mineral abundances are listed
for several of the inclusions. Detailed petrographic and chemical descriptions are
given below for the FUN inclusions, and an isotopically normal PSI. Three of the
FUN inclusions (DH8, B7F6 and B7H10), resemble Type B inclusions; the fourth

(HB1) appears similar to a compact Type A inclusion.
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Table 4.1. Purple, spinel-rich CAI: Mg isotopic results and petrography

Sample? FMgb §26Mg® Tech. Mineralogyd Petrographic
°/oo/amu °/o0 Typee
' "F-yN"
BH82DHS8 31.1%1.0 -1.6+0.2 DLT Sp50,Fs36,Me6,Fp4,An3,01 B

BG82DH8 soll 31.2+2,0 -0.8%0.3 CC

8012 25.641.0 -0.74£0.2 CC

" 27.921.8 -0.640.2 CC
B7HIO 30.641.3 -2.240.2 DLT Sp44,Fs49,Fp5,Hd,01 B
BG82HB1 15.440.5 -=1.5¢0.2 DLT Sp,Me,Hb,Gr,Fd,01 A
BH82HBl res 14.7#1.0 -1.5£0.2 DLT

sol 13.5+1.6 -1.3#0.3 DLT

sol l4.6xl.4 -1.5£0.5 CC
B7F6 12.120.8 -0.8%0.1 DLT Sp60,Fpl0,Fs25,An4,Me2,01 B
B7F6  soll 13.841.2 -0.440.2 DLT

s0l2 1l.4%1.4 -1.0£0.4 DLT

" 11.2#1.2 -1.620.4 DLT

[

np_n
BG82CH3 13.5¢0.7 0.6x0.3 DLT Sp,Me,An,Fp,Pv Ag
C1B10 7.240.3 0.5x0.1 DLT Sp,Fs,Pv A
BG82HB5 6.7x0.8 0.6x0.2 DLT Sp,Fs,Hd,Fp B
" 5.740.9 0.7+£0.2 DLT "
All-16 506143 3.920.3 DLT Me,Sp A,
B7L3 -6.240.7 1,24#0.2 DLT An,Sp,01,Fs,Hb C
""NON-FUN"
B7F7 ~1.5¢0.5 0.6£0.1 DLT An,Sp,01 C
BG82DI16 ~-0.4+0.5 0.7£0.1 DLT Me,Sp,Fs,An,Pv A
Al-2-3 -0.6%4 0.5+0.9 DLT Sp,Fs,Hd,Fp,0l1,Pv,I1
BG82GB1 ~-0.3x0.6 0.520.2 DLT Fs,Sp,Fp
BG82HB10 -0.5+0.9 0.2+0.2 DLT Sp,01,An,Fp C
B7M11 2,3+x1.0 0.74#0.2 DLT Fs,Sp,Fp N B
B7C3 1.2+2.0 1.0+0.4 DLT Fs,Sp,Hd B
BG82GH2 -0.8+0.9 1.120.2 DLT An,Sp,Fs C
BG82CJ7 1.5¢1.3 0.4%0.3 DLT Fs,Sp,Fp B
BG82113 0.0+2.0 1.7#0.5 DLT Fs,Fp,Sp,An
BG82GH10 -0.8+0.6 048%+0.2 DLT Ag

8 Grains analyzed by DLT. Several samples were also dissolved to
obtain residues (res) and solutions (sol), analyzed after chemical
separation (cc).

Mass-dependent isotope fractionation factor from 25Mg/2%Mg, relative
to normal Mg (errors are 20).

Deviations in 26Mg/2%Mg ratio from normal after correction for mass
fractionation. Errors are 20pa,ne

Modal abundances estimated from SEM images. Minerals are listed for
each ¥ in order of abundance. Sp = spinel; Fs = fassaite; Me =
melilite; An = anorthite; Hb = hibonite; 0l = olivine; Fp =
feldspathoid; Pv = perovskite; Hd = hedenbergite; Gr = grossular;

I1 = ilmenite.

Petrographic types: A, = compact Type A; Ap = fluffy Type A.



116
4.3.2. INDIVIDUAL INCLUSIONS

B7HI10 (3x2.0 mm) exhibits an angular shape (Figure 4.2), and consists mostly of

fassaite (49%), spinel (44%) and feldspathoid (5%). No melilite or anorthite were
observed; fayalitic olivine and hedenbergite were minor constituents. In the main
body of the inclusion, fassaite encloses euhedral, poikilitic 10 to 25 um Fe-poor
spinel (0.2 to 0.8% FeO). Fassaite is surrounded by bands (Figure 4.3a) containing
Fe-rich spinel (7 to 10% FeO), feldspathoid,v and Fe-rich olivine (Fo71 indicates
forsterite content). In these bands, the Fe-rich spinel grains are embedded in
intergrowths of fayalitic olivine and sodalite (Figures 4.3a, b). Regions of olivine-
sodalite intergrowths exhibit a sharp, linear boundary with adjacent fassaite (Figure
4.3a). Fe-rich spinels are confined to these olivine-feldspathoid regions, such that
Fe-rich and Fe-poor spinels are juxtaposed across the fassaite and olivine-sodalite
boundary.

The phases (Fe-rich spinel, fayalitic olivine and nepheline) also occur in an
adjacent region of the inclusion in a different textural relationship: individual
Fe-rich spinels are mantled by fayalitic olivine, and surrounded by euhedral fayalitic
olivine and nepheline.

Spinel near the edge of the inclusion is typically more Fe-rich (10 to 18% FeO)
than spinel in the interior. B7H10 contains numerous cracks filled with
hedenbergite. The inclusion exhibits a sharp boundary with the Allende matrix; no

Wark-Lovering rim sequence is present.
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Figure 4.2. Low magnification backscattered electron photomicrograph (BEI) of
B7H10 (3x2.0 mm), showing the angular outline, with no Wark-Lovering rim. The
interior of the inclusion consists of low-Fe spinel poikilitically enclosed in fassaite.
Bands consisting of clusters of Fe-rich spinel grains embedded in sodalite and
olivine are concentrated toward the outer edges of the inclusion. Note abundant

void space.
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Figure 4.3a. Backscattered electron image (BEI) of B7HI10, showing clusters of Fe-
rich spinel grains, surrounded by intergrowths of sodalite and olivine. Note the

sharp boundaries with fassaite to the right, and Allende matrix to the left.

Figure 4.3b. BEI of B7H10 showing an enlargement of the intergrowths of sodalite

(dark) and Fe-rich olivine, as illustrated in Figure 4.2a.
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DHS consists of several elongated lobes ranging in size from 300 pum to 4 mm.
Spinel (50%) and fassaite (36%) are the dominant phases, with lesser amounts of
anorthite (6%), melilite (3%) and feldspathoid (4%). Minor amounts of grossular,
hedenbergite and fayalitic olivine (=Fo70) are present. Similar to B7HIO, the
dominant téxture is poikilitic spinel in fassaite, but, in contrast to B7HI0, the
poikilitic spinel is Fe-rich (1% to 7% FeO)._ Melilite and anorthite exhibit sharp
boundaries with fassaite and enclose Fe-rich spinel (1 to 7% FeO). The melilite
chemistry is =Ak38, where Ak indicates the akermanite or Mg content. The most
Fe-rich spinel (8% to 11% FeO) occurs in clusters (Figure 4.4a,b) of 10 to 30 um
subhedral grains, surrounded by intergrowths of fayalitic olivine and sodalite. These
clusters are concentrated toward the outer margin of DHS.

An unusual feature is the high ZnO content of spinel in DH8, which ranges from
<0.2 up to 0.9% ZnO, and is highest in the more Fe-rich spinel grains. No
systematic correlation of FeO and ZnO was observed. Micron-sized refractory metal
nuggets (Os-Ru) are found in or near spinel grains.

One lobe of DH8 contains a distinctive hibonite-rich, fine-grained region
containing Fe-rich spinel (10 to 20% FeO), fayalitic olivine (= Fo70), hedenbergite,
grossular and Ti-rich fassaite (£16% TiO,). This region bears a strong textural
relationship to fine-grained CAIL Indentations in the outer margin of DHS8 are filled
with accretionary rim material (similar to that described by MacPherson et al.,
1985), with the dominant minerals being hedenbergite, wollastonite, olivine and
nepheline. Clusters of forsteritic olivine (Fo94) with fayalitic rims (Fo60) occur

outside the inclusion.
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Figure 4.4a. Low magnification BEI of DH8. Clusters of Fe-rich spinel grains cut

across fassaite and mehhte whlch contam pOIklhth low-Fe spmel grams

Figure 4.4b. BEI of DH8 showing enlargement of clusters of Fe-rich spinel grains,

surrounded by Fe-rich olivine and sodalite intergrowths.
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B7F6 (5x2 mm) is a dumbbell-shaped inclusion (see colored illustration in Figure
4.1) with abundant void space (=20%). The major constituents are spinel (60%),
fassaite (25%) and feldspathoid (10%). Small amounts of melilite (=Ak42),
anorthite, hedenbergite, and fayalitic olivine (Fo72 to 78) occur within the inclusion.

Fassaite encloses euhedral, poikilitic grains (=10 pum) of low-Fe spinel (=2%
FeO). B7F6 differs from the other inclusions in having a large abundance of small
spinels, such that there are no spinel-free regions of fassaite larger than
approximately 60 pum. Bands of Fe-rich spinel (5 to 18% FeO) embedded in
intergrowths of sodalite and olivine are concentrated toward the edges of B7F6, but
also cut across the inclusion. Spinel contains up to 0.7% ZnO, with higher Zn
contents in the more Fe-rich spinels. Rare, micron-sized refractory metal nuggets
are observed in or near spinel grains.

Voids are rimmed by hedenbergite, and occasionally contain olivine laths
(=Fo74) and nepheline protruding into the void (Figure 4.5a). Adjacent to one large
void is a 200 pm diameter region of fine-grained hedenbergite, olivine, nepheline
and sodalite.

No Wark-Lovering rim was observed; however, the most Fe-rich spinel (11 to
20% FeO) occurs near the edge of the inclusion. Similar to DHS, clumps of
forsteritic olivine with fayalitic rims, are quite abundant outside the inclusion

(Figure 4.4b).
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Figure 4.5a. BEI of B7F6 showing void rimmed by hedenbergite, with protruding

nepheline and olivine grains. Fe-rich spinel grains occur near the void.

Sl XaD 5 Al

Figure 4.5b. BEI of the outer surface of B7F6, showing clusters of forsteritic

olivine mantled by Fe-rich olivine. Olivine grains exhibited isotopically normal Mg.



123

HB1 (5x5 mm) consists of an elongated blue core (see color illustration in Figure
1.1b). The core is surrounded by a thick red mantle (200 to 450 um) and a white
rim (=100 pm). HB1 differs mineralogically from the three other inclusions,
consisting predominantly of spinel, melilite and hibonite. The core of HBI is
remarkably rich in spinel (=70%), arranged in radiating bands of spinel clusters,
alternating with gehlenitic melilite (Ak3 to 18) enclosing euhedral poikilitic spinel
(Figure 4.6a).

In one-half of the inclusion, large regions (=100 pm) of densely-packed spinel
grains with interstitial melilite enclose hibonite laths (Figure 4.6b), containing 3 to
5% TiO, and 04 to 1.4% V,0,. Spinel in the core contains substantial FeO (2 to
5%), TiO, (0.5 to 1.3%) and V,0, (0.5 to 0.9%). Numerous opaque assemblages
(10 to 20 wm) consisting primarily of Ni,Fe and pentlandite occur throughout the
core. One large opaque assemblage (=240 pum) consists of Ni,Fe surrounded by
pentlandite and V-rich magnetite (34 to 39% V,0,). Opaque assemblages in HB1
are described in detail in Chapter 5.

The spinel-melilite core is surrounded by a red mantle of loosely packed 10 to
25 um grains of Fe-V-rich spinel (7 to 12% FeO, 1.3 to 1.6% V,0,), hibonite,
sodalite, nepheline, grossular and olivine. One region of the mantle (1.0x0.7 mm)
consists of intergrown Al-rich phases: hibonite, V-rich corundum (1.1 to 1.4%
V,0,), V-rich hercynite (1.5 to 4.7% V,0,) and grossular. The mantle is surrounded
by a white rim of grossular, fassaite, nepheline and sodalite. ~The inclusion is
surrounded by a 500 pm-thick accretionary rim, consisting primarily of olivine and

nepheline.
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Figure 4.6a. Low magnification BEI of the core of HB1 showing radiating bands

of spinel, alternating with gehlenitic melilite and poikilitic spinel.  Note the

¥ [

111 Y

Figure 4.6b. BEI of the core and part of the mantle of HB1, showing densely-

packed spinel grains (=100 um), enclosing hibonite laths and melilite.
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B7M110 (3x3 mm) is an irregularly-shaped inclusion, with angular edges.
B7M11 differs from the other Type B inclusions in being less spinel-rich, containing
64% fassaite, 30% spinel and 2% forsteritié olivine, with minor sodalite, nepheline,
hedenbergite, Al-diopside, grossular and perovskite.

Spinel exhibits a large range in FeO content. Low-Fe spinels (=0.2% FeQO) occur
in chains of 5 to 20 um euhedral grains, surrounded by fassaite. These chains often
enclose regions of Al-diopside and fassaite. None of the other PSI described above
exhibit such low Fe contents in spinels; however, these are more typical of ordinary
Type B CAIL Opaque assemblages of Ni,Fe and pentlandite are present.

More Fe-rich spinel (7 to 12% FeO) occur as fragmented grains embedded in
intergrowths of sodalite and forsteritic olivine (=Fo80), with rare perovskite grains. |
Hedenbergite often surrounds these regions.

Forsteritic olivine (Fo99) occurs as subhedral 10 to 20 pum grains surrounded by
more fayalitic mantles (Fo69), and embedded in fassaite. Olivine grains in fassaite
were not observed in any of the inclusions described above.

There is no Wark-Lovering rim sequence, although extremely Fe-rich grains

(=18% FeO) occur near the edge of the inclusion.
43.3. SUMMARY OF PETROGRAPHIC OBSERVATIONS
The four spinel-fassaite inclusions are remarkably similar to each other in

petrologic character, exhibiting angular or irregular outlines, without Wark-Lovering

rims. The inclusions are particularly spinel-rich (44 to 60 vol%); although non-FUN
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inclusions such as B7M11 appear to be somewhat less spinel-rich (=30%). The PSI
are considerably more spinel-rich than typical Type B CAI (15 to 25% spinel).

Chemical compositions of spinels are given in Table 4.2. All are enriched in
FeO, relative to spinel in typical Type B CAI (usually <1% FeO). Note the
correlation between Fe content of spinel, and location in the inclusion. Fe-rich
spinels generally occur in clusters embedded in olivine-sodalite intergrowths, while
lower Fe spinels are poikilitically enclosed in fassaite. Two of the inclusions (DHS,
B7F6) contain Zn-rich spinel.

Assuming that fassaite is stoichiometric, EDS aﬁalyses of fassaite in the
inclusions yield a much lower abundance of Ti* (10 to 30%) than is normally
found in Type B CAI (60 to 80% ; Stolper et al., 1982). This low abundance of
Ti** was also observed in fassaite from isotopically normal, Type B PSL

The inclusions exhibit low modal abundances of melilite and anorthite, in
contrast to typical Type B CAL Na- and Fe-rich phases (feldspathoid, olivine,
hedenbergite, grossular) are quite abundant. No opaque assemblages and only minor
metal nuggets were observed in the FUN inclusions; the non-FUN inclusions contain
more abundant opaque assemblages.

There are similarities between the Type B PSI and FUN inclusion C-1, which
also exhibits two distinct spinel populations (Fe-rich and Fe-poor spinels) and
contains clusters of Fe-rich spinel grains embedded in feldspathoid-olivine
intergrowths (Wark, 1983). C-1 also exhibits an enrichment in Zn. Examination of

the remnants of inclusion C-1 in the slab surface revealed a purple color.
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Table 4.2. Chemical compositions of spinel in Type

(entries in weight percent).

B purple inclusions

B7F6 DH8 B7H10 HB1 Cl

I SC E I SC SC I sC E I SsC I SC
MgO0  27.2 21.5 1646 2643 21.5 22.4 27.7 23.3 21.4 26.2 25.4 28.3 23.8
A1203 70.1 67.8 65.5 70.1 67.5 67.5 71.0 68.3 66.7 69.7 69.1 71.8 68.8
SiO2 - 0.3 - 0.4 0.3 0.3 0.2 0.3 0.4 0.1 0.1 0.1 0.1
Tio, 0.2 0.2 0.4 0.7 0¢4 0.2 0.3 044 0.5 0.9 0.8 0.4 0.4
V203 0.1 0.2 0.2 0.3 - 0.2 - 0.2 0.1 0.7 0.6 - -
Cr203 0.4 0.2 0.3 0.4 0.5 0.3 0.1 0.2 0.2 0.1 0.0 0.3 0.4
FeO 1.6 9.4 17.1 13 9.5 8.3 0.6 7.3 10.3 2.3 3.9 0.1 6.1
Zn0 - 0.5 - - 0.4 0.7 - - - - - - 0.1
I = interior of inclusion
SC = spinel clusters
E = located near edge of inclusion
- = not detected: <0.1l%.

Table 4.3. Bulk chemical compositions of purple

inclusions (entries in weight percent).

B2 (range) B7F6 DH8  B7HIO HB1 C-1
Na20 0.1-0.9 2.1 1.9 1.0 0.5 1.7
MgO 10-16 20.0 15.0 15.8 18.8 13.8
A1203 25-28 44.5 38.4 33.1 5546 29.6
8102 30-35 19.3 24,2 29.2 10.4 31.0
Ca0 22-28 6.6 13.4 15.6 8.7 21.0
TiO2 1.2-1.6 1.2 2.5 3.1 0.5 1.0
V203 0.1 0.3 0.1 .1 0.4 < 0.1
Cr203 0.02-0.07 0.2 0.2 < 0.1 0.2 0.1
FeO 0.45-1.7 4.5 3.7 1.6 4.2 2.0
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Inclusion HB1, composed primarily of spinel, hibonite and melilite, is similar to
a compact Type A inclusion. While differing mineralogically, HB1 does resemble
the Type B PSI texturally, exhibiting bands of spinel grains cutting across the
inclusion. There are no secondary phases in the core, but the mantle and rim

contain abundant secondary phases (e.g., feldspathoid and grossular).

4.3.5. PRIMARY VS. SECONDARY PHASES

Several petrographic criteria were used to distinguish primary and secondary
phases in the inclusions. Primary minerals are characterized by their refractory
chemistry (high in Ca, Al, Ti), and occurrence as textures, such as interlocking
mineral grains, suggestive of crystallization from a melt. Fassaite, melilite, and Mg-
spinel have been observed to crystallize from melts of CAI composition, and are
typically regarded as primary phases.

Secondary minerals formed during a later alteration event, such as reaction of the
CAI with a gas. Secondary minerals are distinguished by 1) chemical compositions
enriched in volatile elements such as Fe, Na, K and Cl; or 2) phases which are
thermodynamically unstable at high temperatures, such as grossular (which
decomposes above 860°C; or 3) occurrence in fine-grained interstitial regions, veins,
cavities or rims of inclusions. Nepheline, sodalite, grossular, olivine and

hedenbergite typically are identified as secondary phases.
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44. BULK CHEMICAL COMPOSITIONS

Estimates of the bulk chemical compositions of the four PSI inclusions, obtained
by rastered beam EDS analyses, are presented in Table 4.3. The composition of
HB1 is for the core only. The bulk composition of FUN inclusion C-1 determined
by instrumental neutron activation (INAA, Conard, 1976) is also listed. For
comparison, the range of Type B2 CAI compositions (Wark, 1981) is given.

Compared to the melilite-poor Type B2 CAI, the PSI are highly enriched in
AL,O,, and depleted in SiO, and CaO. This pattern reflects the high spinel contents
of PSI. ALO, contents range from 33% for B7H10, to as high as 55% for HBI.
The CaO content of B7F6 is only 6.6%, compared to the range of 22 to 28%
observed for Type B2 inclusions. Ternary diagrams showing the bulk compositions
(Figures 4.12 and 4.15) are presented in the Discussion, Section 4.6.

Inclusions DH8 and B7H10 exhibit fairly high levels of TiO, (up to 3.1%). All
PSI are enriched in FeO (up to 4.5 weight percent). Inclusion C-1 is more similar
in bulk composition to Type B2 inclusions, consistent with the more typical modal
abundances of melilite (21%) and anorthite (6%) observed for C-1 (Wark, 1983).

Trace element data were obtained by instrumental neutron activation analysis
(Palme, personal communication, 1987) for FUN inclusions B7F6, DH8, HBI; as
well as for two isotopically normal Type B purple inclusions, II3 and HBS5. Figure
4.7a shows elements plotted in order of increasing volatility. The REE pattern in
DHS8 is essentially flat at =50x chondritic, with depletions in La, Sm and Eu,

consistent with the low abundance of melilite.
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Figure 4.7a. Instrumental neutron activation (INAA) data for rare earth elements
and other trace elements in the Type B (spinel-fassaite-rich) PSI inclusions: DHS,
B7F6, II3 and HB5. DH8 and B7F6 are FUN inclusions; I3 and HBS5 are
isotopically normal. Elements are listed in order of increasing volatility. Errors are
typically 4 to 12%. Upper limits on data are shown as arrows. The REE pattern
in DHS8 is essentially flat at =50x chondritic, with depletions in La, Sm and Eu.
DHS8 shows an extreme enrichment in Sc (94x chondritic (C1)). Data are scarce for

B7F6 due to small sample size.

Figure 4.7b. Instrumental neutron activation data for refractory siderophile elements
in the Type B PSI inclusions DH8, B7F6, II3 and HBS. The pattern for C-1 is
shown for comparison. Errors are typically 4 to 12%. DHS8 and B7F6 exhibit
uniform enrichments in the refractory siderophile elements, by factors of 50 to 100x
chondritic, except that DH8 shows a Mo deficit. II3 and HBS5 exhibit enrichments
about 25x chondritic, with Mo deficits. The W excess for II3 may be due to
contamination by instruments used for sampling; this problem was also observed for

fine-grained inclusions.
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DHS8 shows an extreme enrichment in Sc (94x chondritic), compared to average
Type B CAI (=18x chondritic). There are no consistent differences in chemistry,
between FUN and isotopically normal CAIL

Data for volatile elements were also obtained by INNA. DHS, B7F6 and HBI
are enriched in Zn by factors of 6, 13 and 13, respectively, over the average value
for Type B CAIL Similar values are observed for the non-FUN inclusions 113 and
HBS5. The Zn contents approach the values for fine-grained CAIL. FUN inclusion
C-1 is also enriched in Zn (3 times the average for Type B CAI; Conard, 1976).

With the exception of a Mo depletion for DHS, inclusions B7F6 and DHS8 exhibit
uniform and substantial enrichments in refractory siderophiles of 50 to 100x
chondritic, compared to an average value of 16x chondritic for Type B CAI (Figure
4.7b). However, the two inclusions do not exhibit a high abundance of opaque
assemblages. Inclusions HBS5 and II3 exhibited smaller enrichments in refractory
siderophiles (=25x chondritic), with Mo deficits. Insufficient data were obtained for

HB1 due to small sample size.

4.5. ISOTOPIC COMPOSITIONS

Thermal ionization results for Mg isotopic compositions of twenty PSI are listed
in Table 4.1 (Brigham et al., 1987). A histogram showing F,, measurements for
PSI inclusions is shbwn in Figure 4.8, along with a representative selection of

published data for coarse and fine-grained refractory inclusions.
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Figure 4.8. Histograms comparing thermal ionization measurements of Fy, in CAL
Purple spinel-rich inclusions show a range in Fy, from 0 to +30%o amu’, with
approximately 20% exhibiting FUN isotopic characteristics. The range in Fy, for
typical coarse- and fine-grained inclusions is shown for comparison. Fine-grained

measurements shown are discussed in Chapter 6.



135

A significantly higher fraction, approximately 20%, of the PSI analyzed exhibit
large Fy, (210%0 amu”) and negative effects in 6*Mg, indicative of FUN isotopic
effects, compared to < 6% of the general population of coarse-grained inclusions.

One inclusion (CH3) exhibited large Fy, = 13.5%0 amu’ but Mg > 0 and,
therefore, need not be a FUN inclusion. No nonlinear effects in other elements are
observed in CH3 (Papanastassiou and Brigham, 1988).

Large correlated nonlinear anomalies in Ca, Ti and Cr (Papanastassiou and
Brigham, 1988; as discussed in Section 4.6.6) were identified in three inclusions
(DH8, B7F6 and HB1), selected on the basis of Mg isotopic characteristics.
Thermal ionization measurements have been obtained only for Mg in B7H10, which
is the fourth possible FUN inclusion; this will be verified by measuring Ca, and Ti
if sufficient material is available.

Ion microprobe results for the Mg and Si isotopic compositions of individual
phases in the four PSI, which exhibit FUN characteristics (B7F6, DH8, B7TH10 and
HB1) are presented in Tables 4.4 and 4.5. Values are given for F,, 6Mg, F and
0%Si.  Refer to Chapter 3 for a discussion of analytical conditions and the
calculation of isotopic data. The locations of the analyzed grains in the inclusions
are denoted in the tables. Data for analyses of FUN inclusion C-1 are also
presented. Figure 4.9 presents Fy, and Fg; measurements for individual phases

analyzed in the four PSI inclusions.
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Ion microprobe determinations of Mg

Table 4.4.

compositions isotopic in individual

crystals of ¢ inclusions
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FMg
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Table 4.4 (continued)

Sample?

N0 O [Ta] o

e o o L] L

- O O (3] (]
ES A - o S - ) — <
* o o e o . & 9
NN NN N NN N
H-HHHH HHH
oNON O ~— 00 "
e o & 9 e o o
N NN~ N o N
| I I R B | [ I |
(o)W Ta BN o RN o0 BV o] w00 N
* 8 & o o e & »
L B B I I ) o ] p—f
HHHHH H HH
i A R T o0 O T
L I I s & @
N NOO o OO
— ] M N ™M
&R ]
o

o — N
w =N
] [o TR o} g e w
OygyT™w O O o W
MO O et et o, Q0 ©
[GRECE = l ~] ww

C-1

3102 x 1.6 —108 + 2-5
I = interior; E =

edge; SC = spinel cluster; M = mantle.

Fass 2

8 Location of grain in inclusion:



138

Table 4.4 (continued)

