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...... all physical objects contain within themselves some representation of their 

integrated history. This representation lies in the physical, chemical and isotopic 

constitution of a piece of matter which can reveal some of the major processes and 

schedule of events that led to the formation of that object over the history of the 

universe. We must expect that a unique interpretation is not possible, particularly as the 

complex of events which leads up to the present time will tend to smear or partially erase 

the detailed memory in a single object. However, it is my claim that in any case, some 

inference of major significance can be obtained. 
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ABSTRACT 

Plagioclase-Olivine Inclusions (POls) are an abundant group of chondrule-like 

objects found in carbonaceous chondrites. Despite textural evidence of a molten or 

partially molten origin, approximately half of the POls studied exhibited variations in Mg 

isotope composition of up to 11 %o/amu between spinel and coexisting silicates. 

Equilibrium crystallization experiments performed to study the crystallization behavior 

of melts of POI compositions showed that the phase assemblages predicted on the basis 

of phase equilibria are generally consistent with those observed in POls. Spinel is the 

liquidus phase for most of the inclusions that contain spinel with fractionated Mg 

isotopes, and therefore these spinels could be preserved if melting was below the liquidus 

temperature for the bulk composition of the inclusion. The presence of resorbed spinels 

in some inclusions whose bulk composition does not permit spinel in its phase assemblage 

requires that these spinels were relict. The petrographic and chemical properties of POls 

indicate that they are not condensates or evaporative residues, but formed by melting or 

partial melting of pre-existing solids that had originated from isotopically distinct 

reservoirs. The presence of isotopically heterogeneous spinel in the POls requires that 

the maximum temperature experienced by these objects was low enough, the duration of 

heating short enough, and the subsequent cooling rate fast enough to prevent 

homogenization of Mg isotopes by diffusive transport. The self-diffusion rate of Mg was 

measured in spinel and coexisting melt using isotope tracers. For spinel, the activation 

energy of 384±7 kJ for Mg and pre-exponential factor of 7791.9± 1.3 cm2/s is obtained. 
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The temperatures of melting of POls is estimated to be in the range of 1350-1500°C, the 

duration of the heating events were < 2 hr, and the initial cooling rate was> 25 °/hr. 

The melting occurred after most 26 Al had decayed and possibly subsequent to the 

extensive oxygen isotopic exchange between solids and nebula gas. The melting of POls 

is probably by flash heating or impact melting in a hot parcel or region of the nebula. 

These refractory objects (including CAIs) are believed to be the result of repetitive 

heating events that had frequently generated or reprocessed refractory residues over a 

prolonged timescale of very early solar system history. 
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CHAPTER ONE 

INTRODUCTION 

Most of the meteorites that fallon the Earth are chondrites. The insights that 

these meteorites can provide about conditions and processes in the early solar system, 

became apparent when it was realized that these chondritic meteorites were very old, and 

for nonvolatile elements, closer in composition to the sun than any other known material 

on earth. It was also realized that most of the relatively small differences in 

compositions between major chondritic groups apparently were caused by the 

fractionation of various solid components and gas that existed in the nebula prior to the 

final accretion of the parent bodies. Thus chondrites are the logical places to search for 

surviving examples of solids that were present in the early stages of the solar nebular 

history. 

Carbonaceous chondrites are generally considered to be the most primitive 

surviving materials from the early solar system. Refractory inclusions, more commonly 

referred to as calcium- and aluminum-rich inclusions (CATs), were known to exist in 

carbonaceous chondrites (see, e.g. , Christophe Michel-Levy, 1968), but it was only after 

the fall of the very large Allende meteorite in 1969 that the attention of the meteoritic 

community was drawn to these unusual objects. In the ensuing years since the fall of the 

Allende, it was recognized that these refractory inclusions constitute a diverse group of 
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complex objects. The relationship between the bulk chemistries of CAls and high 

temperature condensates from a solar composition suggests that these inclusions constitute 

primitive materials condensed from the solar nebula. After their formation, many 

refractory inclusions experienced complex histories involving a variety of processes 

which, to different degrees, obscured the evidence concerning their formation 

process(es). It has been their primitive and intriguing features that challenged many 

scientists to devote extensive studies to these objects in an attempt to unveil the mysteries 

of the history of our solar system. 

In this thesis, I present the study of a distinct class of refractory objects which are 

distinct from the usual CAls and that will be referred to as Plagioclase-Olivine Inclusions 

(POls). POls are an abundant group of chondrule-like objects with igneous textures 

found in carbonaceous chondrites. The petrographic and chemical properties of POls 

indicate that they are formed by melting or partial melting of pre-existing solids. Despite 

their igneous textures, I have found that many POls are heterogeneous in Mg isotopic 

composition within individual inclusions. It was this observation that motivated me to 

conduct a series of experimental studies. The experimental study consists of two parts. 

The first part is a study of phase relations to develop a framework to assist in the 

interpretation of petrographic and isotopic data. The second part is a study of the self 

diffusion of Mg in spinel, which is used to provide constraints on the thermal history of 

POls. It is based on these observations and experimental studies that a model of the 

formation of POls is proposed. The processes involved in the formation of POls suggest 

that many refractory objects were the result of multiple stages of processing over a time 

scale of several million years during the earliest stages of solar history. 
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1.1. Thesis Background 

The study of meteorites represents one aspect of the continuing human inquiry 

into the origin of our Earth and solar system. Meteorites comprise a highly diverse 

group of objects that includes the results of melting and chemical-mechanical segregation 

on small planets and those materials (the chondrites) which appear to be aggregates of 

more primitive material. Chondrites apparently have been only partially affected by post 

formational physical or chemical planetary processes. The relative abundances of the 

chemical elements in the chondrites have long been used as a basis for estimating the 

solar abundances (Urey ,1952; Goldschmidt, 1954, Suess and Urey, 1956). It has been 

established that the isotopic composition of many elements (0, Ne, Mg, Si, Ca, Kr, Xe, 

Ba, Nd, Sm) in some meteoritic materials is distinctly different from that in terrestrial 

samples (reviews by Begemann, 1980; Wasserburg el al., 1980). In addition, evidence 

has been found in these primitive materials that indicate that very-short-lived radioactive 

nuclides ~6AI, 107Pd, 1291, 244PU) were present in the early solar system (see Podosek, 

1978; Lee, 1979; Begemann, 1980; Grossman, 1980; Wasserburg and Papanastassiou, 

1982; D . Clayton, 1982; Niederer and Papanastassiou, 1984; Niederer el al., 1985; 

Wasserburg, 1985; R. Clayton el al., 1985). 

Chondrites are composed of a coarse-grained fraction generally called chondrules 

and a fine-grained fraction referred to as matrix. Chondrules are irregular to spherical 

in shape, ranging from a few tenths mm to over one cm in diameter. They are 

com monl y composed of olivine, pyroxene, glass and feldspar. In the more primitive 

chondrites (with the exception of CI chondrites), the matrix consists of micron-sized 
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particles of the same minerals as appear in the chondrules. 

Chondrites are classified, by their chemistry, into several groups. These groups 

include carbonaceous chondrites (Cl, CM, CO, and CV), ordinary chondrites (H, L, and 

LL), and enstatite chondrites (EH and EL). Table 1.1 shows the major chemical criteria 

that define the difference between the different chondrites. Carbonaceous chondrites can 

be distinguished from other chondrites by their Mg/Si atomic ratio (> 1), Ca/Si ratio 

(> 0.6) , low iron metal versus total iron ratio, and their characteristic oxygen isotopic 

composition. 

Table 1.1 
Chondrite Classes and Mean Properties' 

Group Mg/Si Ca/Si Fe/Si Fem,,/ 0180 0170 

Cl 
CM 
CO 
CV 
H 
L 
LL 
EH 
EL 

Fe.o,b (0/00)< (0/00)< 

1.05 0.064 0.86 0 -16.4 -8.8 
1.05 0.068 0.80 0 -12.2 -4.0 
1.05 0.067 0.77 0-0.2 --1.1 --5.1 
1.07 0.084 0.76 0-0.3 -0 --4.0 
0.96 0.050 0.81 0.58 4.1 2.9 
0.93 0.046 0.57 0.29 4.6 3.5 
0.94 0.049 0.52 0.11 4.9 3.9 
0.77 0.035 0.95 0.76 5.6 3.0 
0.83 0.038 0.62 0.83 5.3 2.7 

• Data from Sears and Dodd (1988) and references therein. 
b Metal iron to total iron ratio. 
< Relative to SMOW. 

The carbonaceous chondrites are characterized by relatively high C contents. On 

the basis of subtle differences in the proportion of major, nonvolatile elements, and 
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differences in mineralogy and mineral composition, the carbonaceous chondrites are 

divided into four classes: the CI (Cl), CM (C2), CO (C03), and CV (CV3) chondrites 

(Van Schmus and Wood, 1967; Wasson, 1974). CI chondrites consist primarily of 

hydrated phyllosilicate matrix and lack any chondrules or inclusions. eM chondrites 

contain numerous inclusions and fragments in addition to dark phyllosilicate matrix. CO 

chondrites are characterized by abundant small (0.2- to 0.5-mm diameter) sized 

inclusions, chondrules and lithic fragments embedded in a dark matrix of fine grained 

olivine. CV chondrites have the large inclusions (commonly> lcm) and also have the 

greatest variety of inclusion types. The petrography and mineralogy of these different 

classes of carbonaceous chondrites have been summarized by McSween (1979) and 

MacPherson et al. (1988). 

Irregular shaped inclusions occur as a major component in some carbonaceous 

chondrites and occasionally in ordinary chondrites. The calcium-aluminum-rich 

inclusions (CAIs), which occur in both coarse-grained and fine-grained varieties, have 

been the focus of many studies. These CAIs are often spheroidal and may be considered 

as chondrules. The coarse-grained CAIs commonly consist of melilite, spinel, 

perovskite, pyroxene (fassaite or diopside), and anorthite (Grossman, 1975). These 

inclusions often contain nepheline and sodalite, and may contain hibonite (Grossman, 

1975), grossular, olivine (Blander and Fuchs, 1975), wollastonite, rhi:inite, andradite 

(Fuchs, 1971), molybdenite (Fuchs and Blander, 1977), and rarely cordierite (Fuchs, 

1969). Pt group metal alloys have been found in many of these inclusions (see e.g., 

Palme and Wlotzka, 1976; Wark and Lovering, 1976; EI Goresy et al., 1978). Fine­

grained CAIs are composed mainly of feldspathoid minerals, grossular, spinel, and 
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pyroxene (Grossman and Ganapathy, 1975) or of spinel and hibonite rimmed by diopside 

(Macdougall, 1979). A concentric structure formed from encircling layers of the mineral 

assemblages as found in flne-grained inclusions are often found as rims (Wark-Lovering 

rims) around coarse-grained CAIs (Wark and Lovering, 1977). 

The CV chondrites (such as Allende) are especially known for the presence of 

CAIs. Relative to average chondritic material and to ferromagnesian chondrules, CAIs 

are enriched in AI, Ca, and Ti and in refractory lithophile and siderophile trace elements. 

Early workers were impressed by the remarkable similarity of CAl bulk compositions 

and mineralogy to those of high-temperature condensates predicted to form in a cooling 

gas of solar composition (Lord, 1965; Larimer, 1967; Grossman, 1972; Blander and 

Fuchs, 1975). With the additional recognition of the extreme ages of these inclusions 

(see, e.g., Gray et al., 1973; Chen and Tilton, 1976), evidence of extinct short-lived 

isotope 26Al (Lee et aI., 1976, 1977; Wasserburg et al., 1982), and of trace element 

abundance patterns that resemble those predicted by gas-solid partitioning (Grossman, 

1973; Boynton, 1975), CAIs were initially interpreted by many workers to be samples 

of primary, high-temperature condensate material formed during the earliest history of 

the solar nebula and then aggregated. However, the igneous textures were not 

compatible with this model. Later studies have demonstrated that CAIs are not simply 

vapor-to-solid or vapor-to-liquid condensates and underscore the complexity of this 

diverse group of objects. Texturally, most coarse-grained CAls appear to have 

experienced a molten or partially molten origin but the variety and complexity of the 

chemical, mineralogical and isotopic signatures of CAIs attest to multi-stage formation 

involving a number of processes including evaporation (Chou et al., 1975; Hashimoto 
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er aI., 1979), condensation (MacPherson and Grossman, 1984; Allen et aI., 1978), 

melting (MacPherson and Grossman, 1981; Stolper, 1982; Stolper and Paque, 1986), and 

metamorphism (Meeker et aI., 1983; Clayton et aI., 1977; Armstrong et al., 1984). 

Refractory inclusions are often treated as distinct from normal chondrules but 

observations of anorthite-rich Type C CAIs (Grossman, 1975; Wark, 1987; Beckett and 

Grossman, 1988) and forsterite-rich CAIs (Wark et al., 1987), which are significantly 

less refractory than melilite-rich Type A CArs and fassaite-rich Type B CArs, and of 

ferromagnesian chondrules enriched in refractory lithophile trace elements (Misawa and 

Nakamura, 1987; Rubin and Wasson, 1988), and of Ca- and Al- rich objects that appear 

transitional between CAIs and ferromagnesian chondrules observed in carbonaceous 

(Sheng et aI., 1991a), ordinary (Nagahara and Kushiro, 1982; Bischoff and Keil, 1983), 

and enstatite (Bischoff et aI., 1985) chondrites, suggest the existence of precursor 

materials common to all these objects. It is plausible to consider the possibility that these 

are a wide variety of chondrules with distinctive chemical compositions, but are enriched 

to varying degrees in "refractory elements", and which are genetically related. CArs are 

widely believed to preserve a record of conditions and processes that prevailed early in 

the solar nebula. The possibility that remnants of this record are also contained in less 

refractory objects is a central theme of my thesis. The identification of the major 

processes leading to the formation, not only of the relatively rare CArs, but also of 

objects with much closer affinities to normal chondrules should provide important 

information on early nebular and planetary processes, environments, and the time scale 

over which the processes operated. 
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1.2. Thesis Approach and Scope 

This thesis attempts to address the following problems: 1) The identification of 

remnants of early solar system records in less refractory objects; 2) The nature of 

multistage reprocessing as a major factor in preserving/destroying the differences in 

isotopic composition of early solar system material; 3) Thermal conditions and time scale 

of the reprocessing events. 

The methods used to address these problems are as follows: 1) Identification of 

inclusions that appear to be intermediate in mineralogy and chemistry between CAIs and 

ferro magnesian chondrules. This was done by means of optical and scanning electron 

microscopy to establish textures and general mineralogy; 2) Characterization of the bulk 

chemistry, mineral chemistry and isotopic chemistry of the inclusions and their 

constituent phases. The analytical techniques include electron microscope energy 

dispersive (EDS) and wavelength dispersive CWDS) microanalysis and ion microprobe 

analysis. In the course of the analysis, it was found that a large number of these 

intermediate objects are heterogeneous in Mg isotopes, despite the fact that they possess 

igneous characteristics; 3) Experimental study of the phase equilibria and phase relations 

on compositions similar to those of the different inclusions; 4) Experimental study on 

Mg self diffusion in spinel and coexisting silicate melt to provide constraints on the 

thermal history of these objects; 5) Integration of the analyses and experimental results 

to provide a firm database, to propose a model on the origin of these inclusions, and also 

to provide tools to test the validity of the proposed model. 

The thesis is a study of a distinct group of objects in carbonaceous chondrites that 
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consist of plagioclase, olivine, enstatite, clinopyroxene and spinel in various proportions 

and cover a wide range of bulk compositions intermediate between those of 

ferromagnesian chondrules and CAls. They are much lower in Fe than ferromagnesian 

chondrules but substantially higher in Fe than CAls. These inclusions differ from normal 

chondrules and CAIs in that they contain abundant plagioclase and olivine but no 

melilite. I have identified them in three CV chondrites (Allende, Leoville and Vigarano) 

and one ungrouped chondrite (Adelaide) . These inclusions are not rare. I refer to these 

objects as Plagioclase-Olivine Inclusions (POls) . Rare mineral phases, some of which 

have not been reported in CAIs, or in meteorites in general, were also found in this 

group of inclusions. The variation in POI mineralogy is reflected in their bulk 

chemistries which range from Ca-Al-rich objects similar to Type C CAls, to more Mg-, 

Si-rich objects grading into CA chondrules (Christophe Michel-Levy, 1968; McSween, 

1977; Bischoff and Keil, 1984) and Mg-rich porphyritic chondrules. 

Since the textures of POls indicate an igneous origin, I have attempted to 

characterize the crystallization behavior through experimental studies and phase equilibria 

analysis. Integration of my experimental results with available phase equilibrium data 

from the literature provides a framework for the interpretation of mineral assemblages 

observed in POls and other objects with similar bulk compositions. 

A prominent feature of POls, which distinguishes them from most coarse-grained 

CAls and chondrules, is the Mg isotope heterogeneity both between coexisting spinel and 

silicates and among spinels. While isotopic fractionation of Mg and Si have been noted 

in coarse-grained CAls (Wasserburg et 01., 1977; Esat et 01. , 1978; Clayton et ai., 1984; 

MacPherson et 01., 1988; Brigham, 1990), they are typically homogeneous within 
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individual inclusions (with the exception of oxygen) . The first occurrence of Mg isotope 

heterogeneity between spinel and silicates in a CAl was recently reported by Goswami 

ec al. (1991) and Srinivasan ec al. (1991). The common occurrence of isotopically 

heterogeneous phases within individual inclusions which cannot be explained by 

differential reaction with a nebular gas is a distinct feature of POls. An important part 

of my study on these inclusions is centered on these observations. The preservation of 

isotopic heterogeneity indicates that the thermal event which partially melted the 

precursor and produced an igneous texture ei ther had too Iowa temperature or was too 

brief to allow complete Mg isotope homogenization. 

Chapter 2 provides the analytical and experimental methods used in this study. 

The instrumentation and analytical conditions for operation of the PANURGE ion 

microprobe for isotopic and REE analysis is briefly summarized. Chemical analysis of 

bulk inclusions and their constituent phases were performed by energy dispersive and 

wavelength dispersive X-ray analysis. The characteristics of electron microprobe and 

scanning electron microscope used in this study and data reduction methods are also 

documented. The procedures used for the high temperature experiments and the 

preparation of starting compositions used for the phase equilibria studies and diffusion 

experiments are described. 

In Chapter 3, a comprehensive description of the petrographic, mineralogic and 

chemical features of POls is presented. Analysis of the bulk compositions, mineral 

chemistry of major phases as well as rare phases that have not been reported previously 

in carbonaceous chondrites are given. Differences and similarities of POls with other 

objects described in carbonaceous and ordinary chondrites is also discussed. 
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Chapter 4 provides ion microprobe analyses of Mg isotopes and REE analyses on 

various phases in POls. An important aspect of the data is the heterogeneity of Mg 

isotopes among different phases within individual POI. This feature provided the 

motivation for experimental studies designed to place constraints on the thermal history 

of POls. 

Chapter 5 presents phase equilibria studies on synthetic mixtures that are similar 

to the bulk compositions of POls. The results of this study integrated with literature data 

provided the database for construction of phase diagrams used to interpret the 

crystallization sequences and equilibrium phase assemblages to be expected from such 

bulk compositions. 

The temperature history required to prevent homogenization of Mg isotopes in 

POls is related to the diffusion rate of Mg in spinel. In order to establish this critical 

rate, experiments were designed to extract the self-diffusion coefficients of Mg in spinel 

and melt using an isotope tracer method . In Chapter 5, the techniques of Mg-self 

diffusion experiments is described in detail. The maximum melting temperature, 

limitations on the duration at which POls could have been subjected to this maximum 

temperature, and the initial cooling rate can be deduced from the experimental and 

observational results. 

In Chapter 7, petrographical observations and analytical data on POls, results 

from phase equilibria study and Mg diffusion experiments are integrated to provide the 

basis for proposing a model for the origin of POls. The proposed model is demonstrated 

to be consistent with the petrographical features of POls and are tested by the constraints 

required by phase equilibria and diffusion studies. 
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In conclusion, a testable model on the origin of POls and possibly for many other 

similar objects is presented. A comparison of the essential characteristics of POls and 

CAls suggest that the major processes leading to the formation of POls are common to 

most CATs and chondrules, and were repeated over a several million year period in the 

early solar system. The papers and extended abstracts published during the evolution of 

this thesis are compiled in the appendix. 
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CHAPTER TWO 

ANALYTICAL TECHNIQUES AND EXPERIMENTAL METHODS 

This chapter provides a description of the analytical techniques used to identify 

and characterize POls. The preparatiori of starting materials, the experimental setup and 

general procedures for studies of phase equilibria and tracer diffusion are described. 

2.1. PETROGRAPmC ANALYSIS 

Petrographic observations were fust made on doubly polished thin sections using 

an optical microscope. Samples were selected based on their mineralogy. The basic 

criterion for the original selection of samples was the presence of abundant plagioclase 

and olivine in the inclusion. It was found that Mg-spinel was often associated with these 

objects. None of them were found to contain melilite. Careful observations on the 

mineralogical and textural features and an estimate of the modal abundance were made 

on each selected inclusion. The criteria were later extended to be simply the presence 

of plagioclase and olivine. 

The thin sections were then carbon-coated for observation under the scanning 

electron microscope (SEM). Mosaic maps from backscattered electron images were 

constructed for most of the inclusions. 
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Plagioclase and olivine-bearing inclusions were identified by petrographic 

observations on doubly polished thin sections on an optical microscope. The 21 

inclusions studied were from 16 thin sections of Allende and one each from the Adelaide, 

Leoville and Vigarano carbonaceous chondrites. Modal abundances of major phases in 

each inclusion were estimated from point counting on an enlarged mosaic of 

backscattered electron images of each inclusion. Phases that were not identified from 

optical microscopy due to their small sizes were analyzed with an energy dispersive 

spectrometer on an SEM and identified from their chemical compositions. 

2.2. ELECTRON MICROSCOPE ANALYSIS 

Quantitative analysis of major and minor elements of each mineral phase including 

variation of mineral chemistry within individual grains was performed. Chemical 

analysis in the scanning electron microscope (SEM) and electron microprobe was 

performed by measuring the energy and intensity distribution of the x-ray signals 

generated by a focused electron beam. In this study, quantitative analysis of major and 

minor elements was performed with a Tracor TN 5500 energy dispersive x-ray analyzer 

(EDS) on a JEOL JSM-35 CF SEM using the Bence-Albee (Bence and Albee, 1968) 

procedures for data correction and on the JEOL 733 electron microprobe using the ZAF 

correction (Love and Scott, 1978) as modified by Armstrong (1984). The 

instrumentation and correction procedures for x-ray microanalysis have been well 

documented (cf., Goldstein et aI., 1981; Scott and Love, 1983). Quantitative analysis 
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of the mineral phases in the POls and of the phases produced in experimental studies are 

described in the following sections. 

2.2.1. Wavelength-dispersive Spectrometer 

In a wavelength-dispersive spectrometer (WDS), a small portion of the x -ray 

signal generated from the specimen passes out of the electron optical chamber and 

impinges on an analyzing crystal. If Bragg's law is satisfied, the x-rays will be 

diffracted and detected by a proportional counter. X-rays having a wavelength which 

does not satisfy the Bragg equation are absorbed by the crystal or pass through it into the 

crystal holder. The signal from the detector is amplified and converted to a standard 

pulse size by a single-channel analyzer and counted with a scaler (see Goldstein et aI., 

1981). 

The JEOL JXA-733 electron microprobe used in this study is a high performance 

x-ray microanalyzer capable of handling up to five spectrometers, and also functioning 

as a high resolution scanning electron microscope. It can be computer-controlled, 

providing high speed precision analysis under automatic operation. 

2.3.2. Energy Dispersive Spectrometer 

The energy-dispersive spectrometer (EDS) system is currently the most common 

x-ray measurement system to be found in a scanning electron microscope (SEM). The 
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EDS system offers rapid qualitative and accurate quantitative measurement of the 

elemental constituents of a sample. These advantages are, however, tempered by the 

relatively poor energy resolution of the EDS (150 eV at Mn Ka compared with 5-10 eV 

for a wavelength spectrometer) (Goldstein et aI., 1981) which leads to frequent 

unresolved spectral interferences, poor peak-to-background values, resulting in poor 

detection limit (typically - 0.5 wt. % compared to - 0.1 wt. % for a wavelength 

spectrometer) . 

In an energy-dispersive x-ray spectrometer (EDS), the x-ray signal passes through 

a thin beryllium window into a cooled, reverse-biased lithium-drifted silicon detector. 

Absorption of each individual x-ray photon leads to the ejection of a photoelectron which 

gives up most of its energy to the formation of electron-hole pairs. They in turn are 

swept away by the applied bias to form a charge pulse which is then converted to a 

voltage pulse by a charge-sensitive preamplifier. The signal is further amplified and 

shaped by a main amplifier and finally passed to a multichannel analyzer, where the 

pulses are sorted by voltage. The signals are then transmitted to a computer for further 

processing including peak identification and quantification (see Goldstein et al., 1981). 

2.2.3. Quantitative A:nalysis 

Quantitative x-ray microanalysis is based on determining the x-ray flux emitted 

by a sample region relative to that of a suitable standard. Data correction procedures can 

then be applied to reduce the measured intensity ratio to composition. X-ray data are 
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corrected for a variety of second-order "matrix" effects. Matrix effects have been 

traditionally grouped as the atomic number effect (Z), the absorption effect (A), and the 

fluorescence effect (F). The "ZAF" factors compensate for matrix differences between 

standards and unknowns. The most easily obtainable standards are those of pure 

elements. However, input parameters for correction, such as mass absorption 

coefficients and fluorescent yield values, are sometimes only poorly known. For these 

reasons, intermediate compositional standards are often used. These compound standards 

were checked for homogeneity and for stoichiometry. These standards may then be used 

for analysis of mineral specimens of similar composition. The standards used in my 

analyses include simple and complex oxides and silicates. They are periclase, corundum, 

quartz, rutile, Cr203, V20 S, zr02, spinel, wollastonite, kyanite, anorthite, albite, 

microcline, forsterite, fayalite, Mn olivine, Ni olivine, garnet, grossular, and pyrope. 

Before each analytical run, the instrument was tuned and checked to assure that: (1) the 

spectrometer system was properly calibrated, (2) the operating conditions are adequate 

to give sufficient x-ray counts so that a given peak can be easily distinguished from the 

corresponding background level, and (3) for each phase, no serious peak: overlaps are 

present. The intensity of spectral lines corresponding to preselected elements for both 

samples and standards were measured under identical operating conditions. Secondary 

standards of similar composition as the sample were routinely analyzed as a check on the 

accuracy of measured results and for systematic errors. Analysis were performed at IS 

keY. Beam currents of IS to 50 nanoamps were used in WDS analysis on the electron 

probe compared to 60 to 75 picoamps used in EDS analysis on the SEM. The precision 
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in the quantitative analysis is determined by the counting statistics. An acquisition time 

can be chosen such that the desired precision is achieved. In all my analyses, acquisition 

time was set to achieve ±2 % precision or better for major elements and ±5 % for minor 

and trace elements. 

a) Analysis of individual phases 

Individual phases in POls and experimental products were analyzed by EDS and 

WDS analysis. At least two grains of each constituent phase in each inclusion were 

analyzed. In the analysis of experimental products, a total of at least 5 analyses were 

made on each starting glass compositions and on each resulting phase. These analyses 

were used to check the homogeneity of each phase and the mean composition of each 

phase. Analysis of chemical variation within a phase was made by measuring along a 

traverse across the phase either by manually moving the stage, or by using an automated 

stepping stage. 

b) Analysis of bulk inclusions 

Bulk compositions of the inclusions were obtained by averaging the EDS analyses 

made by rastering the electron beam over several regions of each inclusion. The regions 

are selected so that they either cover most area of the inclusion in the thin section or that 

they would reasonably represent the whole area of the inclusion. Rastering was done 
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under 200 to 500 times magnification. Accuracy of bulk compositions of POls obtained 

from EDS rastering analyses was checked by electron probe analyses on two POls. Five 

hundred points evenly distributed on ten profiles were analyzed on each inclusion. Each 

analyzed point includes a five second count on each of the major oxides. The results are 

shown in Table 2.1. The two independent EDS rastering analyses of inclusion 3510 are 

in good agreement with each other and the WDS point analysis results. Larger deviation 

between the two types of analysis are observed for inclusion BG82DH2. Possible 

reasons for the difference are that the distribution of the profIles in the inclusion for 

WDS point analysis were not adequate to represent the relative proportion of the phases 

in the inclusion, or that the rastered area in the EDS analysis was not representative of 

the whole inclusion. Assuming that the cross section in the thin section approximates the 

volume composition of the POI, the compositions of the POI obtained from the rastering 

method are used to provide an estimate of the actual bulk compositions. 

Table 2.1 
Comparison of EDS and WDS analysis of POI Bulk Composition 

Na20 MgO AI2O, SiOz CaO TiOz CrzO, MnO FeO 

BG82DH2 

WDS 2.14 14.02 27.69 39.91 12.07 0.77 0.25 0.03 2.73 

EDS 1.49 14.92 30.91 38.08 11.25 0.67 0.34 0 1.71 

3510 

WDS 2.03 12.36 29 .55 41.63 12.29 0.55 0.17 0.02 1.13 

EDS 1.90 11.87 29.96 41.63 12.30 0.46 0.12 0.05 1.18 

EDS 2.01 11.52 29.64 41.55 12.36 0.39 0.27 0.05 1.46 



20 

2.3. ION MICROPROBE ANALYSIS 

The technique of mass selective secondary ion microscopy was introduced in the 

sixties and seventies (Castaing and Slodzian, 1960, 1962; Liebl and Herzog, 1963; 

Slodzian, 1964; Liebl, 1967; Andersen and Hinthorne, 1972). The development of this 

technique allowed measurements of trace elements and isotopic ratios on a small spatial 

scale. Reviews of ion microprobe applications to geochemistry have been given by 

Shimizu and Hart (1982), Williams (1985) and Zinner (1989) . 

In Secondary Ion Mass Spectrometry (SIMS), a beam of energetic ions erodes 

away the surface of the specimen under study and the secondary ions produced during 

the sputtering process are mass analyzed. The focussing of the bombarding ions into a 

fine beam allows the in situ chemical and isotopic analysis of individual mineral phases 

of a few microns size. The main advantages of the technique are: 

1. High sensitivity (detection limit can be as low as 1 ppb) for many elements 

(e.g., Mg, AI, Ca, Ti). 

2. Small sample size (meaningful analyses can be obtained from < 10-12 g of 

sample. 

3. Measurements of elements that are difficult to analyze by other techniques. 

The problems inherent in this technique that need to be dealt with in specific 

analyses are: 

1. The production of molecular secondary ions along with atomic ions during 

sputtering. These molecular species may interfere with the atomic ions of 
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interest. 

2. The ionization efficiency of different elements varies by many orders of 

magnitude. 

3. The ionization efficiency of a given element depends strongly on the chemical 

composition of the sample from which the element is sputtered (matrix effect). 

In this study, isotopic and chemical compositions were measured using 

PANURGE, a modified CAMECA IMS-3F ion microprobe (Huneke et al., 1983). 

2.3.1. Instrumentation 

The main elements of a SIMS apparatus are: primary ion source; primary optics 

comprising ion extraction and acceleration; sample stage; secondary optics consisting of 

secondary ion acceleration, energy selector and mass spectrometer; detector; and 

associated electronics. The following is a brief discussion of the instrumentation used 

in this work. The components of the ion microprobe referred to in the discussion is 

schematically shown in Figure 2.l. 

a. Primary ion source and primary optics 

The PANURGE uses a duoplasmatron ion source capable of producing beams of 

oxygen or argon ions. Negative oxygen ions are used for the analysis of positive 

secondary ions because oxygen enhances the yield of positive secondary ions. The 
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Fig.2.1 Schematic drawing of the PANURGE ion microprobe. 
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duoplasmatron can generate 0- and O2 + ions by switching the polarity of the anode. In 

this work negative beam was selected because it minimizes sample charging. 

The primary O' beam is accelerated to 12.5 KV and focussed by three electrostatic 

lenses. Scattered ions are eliminated by controlling the voltage on condenser lens to 

adjust the primary current density passing through a limiting aperture. The beam is then 

focussed by the objective lens. Beam alignment is controlled by three X-Y deflectors and 

a stigmator. 

h. Secondary ion optics 

Secondary ions are accelerated through a voltage of 4500 V and focussed by an 

immersion lens and a set of three transfer lens (25 jlm, 150 11m, and 400 11m image 

fields) onto the entrance slit of the mass spectrometer. The plane of the entrance slit is 

an image plane of the crossover and contains a series of contrast apertures and 

interchangeable field apertures which allows ions sputtered only from the central 8, 60 

or 150 11m diameter to enter the mass spectrometer. Small offsets (a few volts) are 

applied to the accelerating voltage to compensate for sample charging. 

c. Mass analyzer 

Mass analysis of the secondary ions is performed with a magnetic sector field. 

An electrostatic analyzer precedes the actual mass analyzer because the initial energy 
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distribution of the secondary ions is too broad to allow adequate mass resolution. The 

energy dispersion of the energy analyzer is matched to cancel that of the magnetic field . 

This combination forms a double-focussing mass spectrometer. 

The magnet separates the ions according to the mass to charge ratio. The mass 

resolving power is defmed as m/Llm, where Llm is the width of peak at 10% of maximum 

intensity. This resolution is determined by the widths of the entrance and exit slits of the 

mass spectrometer and can be adjusted between 400 and 10000. A resolution of about 

3000 is typically used in this work for Mg isotope analysis, whereas the slits are fully 

opened for REE analysis which results in a mass resolving power of 400-500. The 

magnet is operated in an automated peak jumping mode, by cycling through a preselected 

series of magnetic field settings corresponding to the centers of the peaks of interest in 

order of increasing mass. These settings can be located reliably as long as the magnetic 

field is cycled through the same sequence of values and the peaks are centered 

periodically. 

d. Detection system 

Mass-analyzed secondary ions are deflected by an electrostatic analyzer to an 

electron multiplier. The electron multiplier is operated in a pulse-counting mode at a 

gain of - 107 electrons/ion and a voltage of 3000 V. The determination of the counting 

system dead time is achieved by isotopic measurements of a Ti metal standard. 
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2.3.2. Analytical Conditions 

The secondary ion spectrum includes not only monatomic species but also 

molecular ions consisting of more than one atom and multiple charged ions. Common 

molecular species include hydrocarbons, oxides and hydrides. Any combination of 

matrix elements may also be found in the mass spectrum. Two approaches have been 

taken to eliminate molecular interferences: high mass resolution and energy filtering. 

The PANURGE ion microscope is capable of a mass resolution of 10,000. This 

resolution is sufficient to resolve oxides, dimers and hydrides from atomic ions for 

atomic masses below about 75 atomic mass units. In this work, high mass resolution 

(m/dm - 3000) has been used for isotopic analysis of Mg, which is sufficient to resolve 

all molecular interferences in the region of interest, such as Mg hydrides (Hutcheon, 

1982). 

Energy fIltering takes the advantage of the feature that the kinetic energy 

distribution of secondary ions shows a maximum at a few electron volts and thereafter 

decreases monotonically with increasing energy. The rate of decrease is greater for 

molecular than for monatomic ions and falls off even more sharply for molecules of 

increasing complexity. Therefore, it is possible to discriminate in favor of the 

monatomic ions, especially against molecules consisting of several atoms. The 

disadvantages of this technique are the substantial loss of signal and the ineffectiveness 

to suppress hydrides and monoxides of heavy elements. Because of its limitation, energy 

filtering has been mainly applied to the analysis of rare earth elements. In this work, this 
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method has been used for the analysis of REE concentration in individual mineral phases 

of the POls. 

a. Mg isotope analysis 

The PANURGE ion microprobe was used to analyze the Mg isotopic composition 

of various phases in POls. The Mg isotopic compositions were determined under 

conditions described by Huneke et aZ. (1983) and Hutcheon et a1. (1987). The samples 

to be analyzed were either carbon or gold coated. The primary ion beam was tuned to 

produce a beam diameter of - 5 I'm. Prior to the analysis, high resolution scans were 

obtained to check the instrument tuning, and to check that the mass resolution were 

sufficient to exclude interferences. 

Isotopic data were collected by step scanning the spectrometer magnet through 

mass ranges 24 to 27 for spinel, olivine, and pyroxene, and 24 to 44 for plagioclase, 

using a computer controlled peak switching system. The secondary ion current was 

measured at the peak center, and at the half intensity position on the low and high mass 

sides of each peak with each scan to monitor shift in the magnetic field. The magnet 

control program will compensate for any drift in the magnetic field during analysis. 

Isotope ratios were calculated after each scan from the secondary ion intensities 

integrated over the center of each peak. In samples with low Mg concentrations 

(plagioclase), 80-160 scans were averaged in a typical analysis, while in samples with 

high Mg content 60 scans were averaged. 27AI+ was also measured for Mg-rich phases, 
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while 40Ca++ and 44Ca+ were measured for Mg-poor plagioclase in order to determine 

Al/Mg ratios. Count rates for 24Mg+ ranged from 4 X 10' counts per second for Mg-rich 

phases such as spinel, pyroxene, and olivine, to 8 x 10' counts per second for plagioclase. 

Typical operating parameters of the ion microprobe are shown in Table 2.2. 

The measured isotopic fractionation of an element has been demonstrated to 

depend upon substrate mineralogy and chemical composition (Slodzian, 1980; Hutcheon, 

1982; Huneke et oZ., 1983). For example, ion probe instrumental fractionation for Mg 

(ilMg: see definition below) typically ranges from -2$100 to -16%0 for silicate and oxide 

phases. To minimize matrix effects, terrestrial samples of similar compositions to the 

phases in the inclusions were chosen as standards. They include plagioclase (A~6)' 

spinel, Ti-pyroxene glass, aluminous enstatite and forsteritic olivine (Fo~. Since a 

major objective of this study was the measurement of intrinsic Mg fractionation, 

standards were run daily prior to and after sample analysis to monitor shifts in the 

25MgP4Mg ratio due to different tuning conditions in the instrument. 
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Table 2.2 Ion Microprobe Operating Conditions 

PRIMARY SYSTEM SECONDARY SYSTEM 

Duol1lasmatron Polarit)': + 
Species: 0- Accelerating voltage: 4500 V 
Arc: 59 rnA Electron muitilllier voltage: 

Accelerating voltage: 12.5 kV 2950 V 
Maximum Current: 600 nA Image field: 150 Jim 
Lens Voltage (dial settings) Contrast allerture: 300 Jim 

Ll: 270 Field a~rture: 60 Jim 
L2: 360 Lens voltage . 
L3: 425 Transfer lens: 6507 

Beam current: 2 nA Spectrometer lens: 4536 
Beam diameter: 5-10 Jim Immersion lens: 4704 
Vacuu m s),stem Projector lens 1: 6925 

Sample chamber: 2 X 10-8 torr Projector lens 2: 5157 
Primary column: 3 x 10-7 torr 

. Only numbers proportional to voltage_ The actual voltage is <4500 V. 

Isotopic fractionation of Mg intrinsic to a POI was determined from the difference 

in the 25Mg/24Mg ratio of the sample relative to the ratio in a standard of appropriate 

mineralogy: FM, = Ll25Mg - Ll,.,>5Mg, where Ll25Mg expresses the deviation in permil of 

the 25Mgf24Mg ratio relative to 0.12663 (Catanzaro et aZ., 1966). The precision of FMg 

value is limited by the counting statistics of individual analysis, for both sample and 

standard. Typical errors in FMo, based on the reproducibility of analysis of standards, 

are ± 1 0/00 for olivine, spinel and pyroxene, and ±2 %0 for plagioclase. To search for 

evidence of radiogenic 26Mg', the Mg isotopic data were also corrected for fractionation 

by normalizing to 25Mg/24Mg = 0.12663 using a power law, and the corrected ratios 
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(,6MgP4Mg)c used to calculate 1j26Mg, expressed as: 

o26M = g g c - 1 x 1000 
[ 

(26M 124
M) 1 

g 0.13955 

This represents the permil deviation from the normal reference value, 26MgP4Mg = 

0.13955 (Brigham , 1990) and is used to identify non-linear isotopic shifts in 26Mg 

abundance. This value was obtained from the mean isotopic composition, measured with 

the PANURGE ion probe, from standards of Mg-rich phases (normalized to 25Mg/24Mg 

= 0.12663) over a period six months. This normal value differs from the value 

0 .139805 obtained for standards by thermal ionization (Schramm et ai., 1970; Lee and 

Papanastassiou, 1974). This discrepancy between values used for normalization for the 

two techniques is not well understood. 

b. Rare eal1:h elements analysis 

Rare earth elements (REE) were measured usmg energy filtering technique, 

(Shimizu et aZ., 1978; Zinner and Crozaz, 1986), analytical conditions using the 

PANURGE is described by Kennedy et aZ. (1991) . In collecting REE data, the sample 

voltage was offset by -75 V from the voltage at which the energy distribution of 42Ca, 

the reference mass, dropped to 10% of its maximum value on the low energy side of the 

peak. The width of the energy slit was set to accept ions within a 40 V window and a 

400 J.Lm contrast image aperture was used. A 750 J.Lm field aperture was used to obtain 
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a 60 !Lm image field for all analyses. The entrance and exit slits were fully opened, 

resulting in a mass resolving power of 400-500. The resulting mass spectrum, measured 

on masses 131 to 180, was then separated into the atomic (M+) and monoxide (MO+) ion 

intensities by solving a set of simultaneous equations. 

Mineral standards with compositions similar to the phases analyzed were used to 

calculate sensitivity factors, which are the ratio of the concentration normalized 

secondary ion intensity of the element in question to the concentration normalized 

secondary ion intensity of the reference element (Beckett ec al., 1990). Measurements 

of standards were performed at the start and end of each ion microprobe session to 

account for any minor variation of ionization efficiencies produced by differences in 

operating conditions. 
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2.4. EXPERIMENTAL METHOD 

All crystallization experiments were conducted at 1 atmosphere total pressure in 

a vertical Del-Tech VT-31 quench furnace using a Eurotherm model 90 temperature 

controller. Experiments were conducted in the temperature range of 1200-161SoC. The 

furnace setup and experimental procedures are described in the following section. 

2.4.1 Sample Preparation 

Starting materials were prepared by weighing out appropriate amounts of CaCa" 

MgO, Al,03, SiO" TiO, and Na,C03 (all Johnson Matthey Puratronic), and grinding the 

mixtures under ethanol within an automated agate mortar for 5 hours. The mixtures 

were decarbonated by gradually heating to 1000·C over 24 hours, and then melted in Pt 

crucibles in a Del-Tech VT-31 furnace at 1600°C in air for 12 hours to produce 

homogeneous glasses. The glasses were verified by WDS analysis to be homogeneous 

to within the precision of counting statistics. Starting materials for experiments consisted 

either of re-ground glasses or run products from previous experiments. 

2.4.2. FIII'nace Setup and Temperature Calibration 

The configuration of the furnace is schematically drawn in Fig.2.2. Basically, 



33 

the system consists of a mullite reaction tube set inside the furnace. Moly di-silicide 

heating elements are uniformly spaced in a full circle and hang vertically around the 

reaction tube. The furnace chamber is filled by Zircar fiber refractories contained in a 

steel shell. The mounted samples were attached by thin Pt wires (0.005" diameter) to 

thick Pt wires (0.02" diameter) which extend up through different holes of a two or four 

hole alumina tube (Fig.2.3). The alumina tube sample holder was placed into the 

reaction tube and held by a brass fitting at the top of the tube. A quench port is attached 

to the bottom of the reaction tube. The bottom of the quench port can be closed with a 

brass cover with a quartz window at the center. During quench, the cover is detached 

to allow the sample to fall through. Temperatures were measured with a type S Pt­

PtlORh thermocouple located adjacent to the sample in the hot spot of the quench fur­

nace. This allows the temperature to be measured at the same condition as the sample. 

The thermocouple was calibrated at the melting point of gold (1064.4 0c) and palladium 

(1554°C). 

2.4.3. Experimental Procedure 

All experiments were conducted in air at 1 atmosphere total pressure in a vertical 

Deltech VT -31 quench furnace using Eurotherm models 990 temperature controller and 

125 programmer. Experimental procedures were similar to those of Stolper (1982) and 

Stolper and Paque (1986). Samples were inserted into the furnace hot spot at the run 

temperature. For isothermal crystallization experiments, samples were held at the run 
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Fig.2.2 Schematic drawing of the Deltech DT-31 vertical furnace. 
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Fig. 2.3 Schematic drawing showing sample configuration. 
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temperature for 1-382 hrs. and then quenched into deionized water. For cooling rate 

experiments, samples were held at the initial temperature, Tmax, for 3 hrs., cooled at 20-

100° Ihr and then quenched from various temperatures into deionized water. All reported 

temperatures are believed accurate to within ±soC. 

The sample consisted of glass (or crystalline) powder mounted within a Pt wire 

loop using a slurry of polyvinyl alcohol. The Pt wire containing the sample was looped 

through one hole of a two hole alumina disk (Fig.2.3). An additional (0.005" diameter) 

Pt wire was looped through the other hole and each end of the wire was attached on 

separate 0.02" Pt wires which extend, inside a two or four hole alumina tube, up through 

the top of the furnace. 

Prior to each run sequence, the hot spot of the furnace was located by moving the 

thermocouple through a range of different positions in the reaction tube of a pre-heated 

furnace and reading the temperature at each position. The point of maximum 

temperature was marked on the outside end of the rod holding the thermocouple. In 

general, the temperature varied 2-3°C within a range ±O.5cm of the hot spot. 

The furnace temperature varied systematically by about 1-3 degrees over the 

course of 24 hours. At the end of the experiment, the sample was quenched into a 

beaker of water beneath the quench port by passing a current, using a variac, through the 

two thick Pt wires across which was suspended the thin Pt wire holding the sample. This 

caused the thin Pt wire holding the alumina rod and the sample to melt. The sample 

dropped through the furnace and the quench port into a beaker of water, cooling from 

the run temperature to room temperature in less than 10 seconds. 
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CHAPTER THREE 

PETROGRAPHICAL AND CHEMICAL CHARACTERISTICS OF 

PLAGIOCLASE-OLIVINE INCLUSIONS 

3.1 PETROGRAPHY 

POls are inclusions with igneous textures and characterized by the abundance of 

plagioclase and olivine in their mineral assemblages. They also contain variable amounts 

of spinel, fassaite, enstatite and diopside. Melilite, a major component in CAIs, is not 

present. Most POls are spheroidal, ranging from 0.5 to 5 mm in diameter. The texture 

is most commonly sub-ophitic to intersertal with plagioclase and olivine phenocrysts in 

a fine-grained matrix. Textures similar to those observed in ordinary chondrules, such 

as barred olivine, porphyritic, radiating and granular, are also observed (see Figs. la-e 

from Sheng et al. , 1991a in Appendix). 

The occurrence of secondary phases containing Na and Fe such as nepheline, 

sodalite and hedenbergite is quite restricted in POls. These phases compose less than 5 % 

of the mode of all POls and occur only near the rims of inclusions or along cracks and 

in interstitial regions within inclusions, and do not appear to be directly associated with 

plagioclase or the Na-rich mesostases. The unaltered appearance of plagioclase with 

clearly defined boundaries is in sharp contrast to the embayed and extensively veined 
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plagioclase and melilite frequently observed in Type B CAls. POls do not contain 

grossular or monticellite, two common secondary phases of Type B CAls. Unlike the 

pervasive alteration of Type B CAls, POls do not appear to have been subjected to 

extensive post-crystallization open system alteration. 

A common feature of many POls is the presence of one or more clusters (up to 

200 Jim in diameter) of equigranular olivine crystals located near the periphery of 

inclusions (see Fig. If from Sheng et aZ., 1991a in Appendix). These olivine clusters 

resemble granular olivine chondrules. The multi-layered rim sequences of oxides and 

silicates that surround most CAls (Wark and Lovering, 1977) are not found in POls, but 

sulfide-rich rims similar to those surrounding many ordinary chondrules are common. 

In some cases, aggregates of fine-grained olivine and pyroxene form accretionary rims 

on POls, similar to those described by MacPherson et al. (1985). 

The petrographic characteristics of POls are summarized in Table 3.1. For 

simplicity of description, I have classified POls into three groups. The trend from group 

1 to group 3 is defined by the monotonic decrease in the modal abundances of spinel and 

plagioclase compensated by an increase in the abundance of olivine. The chemical 

compositions of POls in the 3 groups change in accordance with the variations in 

mineralogy and are discussed in the following section. 

Group 1 POls contain abundant spinel (8-25% modal abundance) and plagioclase 

(20-65%). Inclusions 5ALLB6, BG82DH2 and ALAl-2 are similar in both mineral 

assemblage and texture. All have sub-ophitic textures with randomly oriented plagioclase 

laths. Subhedral to anhedral olivine and pyroxene terminate against or surround the 



INCLUSION D 
(mm) 

Group 1 

(1) ALAl-2 1.7 
(2) V477 2. 1 
(3) 5ALLB6 2.7 

(4) BG82DH2 1.5 
(5) 3510 2.1 
(6) BG82CLll 1.5 

Group 2 

(7) BG82DH1A 4.0 
(8) B14D 2.0 
(9) LEOlOO9 0.6 
(10) SA-1 2.3 
(11) ADEL-1 0.5 
(U) BG82CHl 2.2 
(13) BG82CLJa 1.S 
(14) SA-lb O.S 
(15) PPX 0.9 

Group 3 

(16) A47 2.1 

(17) BG82CLJb 1.5 
(18) BG82CLIb 1.5 
(19) BG82CLI 1.9 

(20) REDEYE- 4.S 
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Table 3.1 
PETROGRAPIDC FEATURES OF POr 

TEXTURE MAJOR PHASES 
(modal abundance) 

sulH>phitic pl(60),fas(15),ol(10),sp(9) 
sulH>phitic fas( 4S),pl(37),sp(10) 
sulH>phitic pl(65),ol(20),sp(9),fas(4) 

sUlH>phitic pl(55),ol(20),fas(15),sp(S) 
sulH>phitic pl(60),ol(I5),sp(10),en(10) 
porphyritic and radiating sp(25),pl(20),en(20),mes(20) 

sub-<>phitic pl(50),ol(30),fas(12),sp(10) 
sulH>phitic pl(60),ol(10),pi(I5),di(5),sp(5) 
porphyritic pl(65),pi(25),sp(5) 
sulH>phitic pl(46),di(25),pi(14),sp(5),ol(6) 
sub-<>phitic pl(60),di(20),en(12),ol(5) 
sub-<>phitic pl(60),en(20),di(10),ol(5) 
porphyritic and radiating pl(30),di(30),pi(20),mes(15) 
porphyritic pi,oI,en 
poikilitic pl( 4O),ol(30),en(20) 

barred with interstitial pi ol(SO),di( 10),pl(S) 
and di 
porphyritic 01(75),pl(15),sp(5) 
granular 01(80),di(10),pl(5) 
barred with interstitial pi 01(65),pl(15),di(10),en(5) 
anddi 
porphyritic 01(S2),pl(1O),di(5) 

MINOR 
PHASES' 

arm,ilm 
01 
arm,ru,ilm, 
zir,pv 
arm.ru,ilm 
fas,sap 
sap,ol 

ol,gl 
ne,ilm 
tr,sp 
sp 
ol,sp 

sp 

sp 

fas,pi 
pi 

en,sp 

• ann - annaicolite, di - diopside en -<!I1Statite, fas - fassaite, gl - glass, il - ilmenite, mes - mesostasis, ne­
nepheline, 01 - olivine, pi - pigeonite, pI - plagioclase, pv - perovskite, ru - rutile, sap - sapphirine, sp - spinel, 
tr-tridymite, zir - zirconolite 

, minor mesostasis is present in all POI. 
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plagioclase. Olivines are commonly rimmed by Mg-rich pyroxene. Ti-rich fassaite 

isinterstitial and is interpreted to be a late crystallizing phase. Spinel occurs as sub­

rounded to euhedral crystals poikilitically enclosed in the other silicates. Many of the 

euhedral spinels appear to be included in the interstitial fassaite. Small grains (10-50 

I'm) of Ti-rich oxides, including armalcolite, rutile, ilmenite and perovskite, are 

associated with the interstitial fassaites. Several small grains of zirconolite (CaZrTi20 7) 

about 1 micron in diameter, associated with perovskite was observed in Allende inclusion 

5ALLB6. This is only the second meteoritic occurrence of zirconolite. Zirconolite was 

reported by EI Goresy et al. (1978) but was not documented. 

Two other group 1 POls, 3510 and BG82CLII, although quite different from each 

other in texture and modal mineralogy, both contain sapphirine (Mg2Al.SiOlO)' 3510 

consists of a coarse-grained (50-100 I'm) mantle and a fine-grained (10 I'm) core. 

Mineral phases in both rim and core are plagioclase, forsterite, spinel, and AI-enstatite. 

Subhedral to anhedral olivine and pyroxene terminate against euhedral plagioclase laths. 

Spinel is included in all three phases. BG82CLII has the least amount of plagioclase 

(20 %) but the most abundant spinel (25 %) among the group 1 POls. Plagioclase and AI­

enstatite occur as laths or prismatic crystals which radiate inward from the rim. A 

central zone of densely populated spinel marks a boundary between the core and the 

spinel-free mantle of the inclusion. In both of these inclusions sapphirine occurs as 

randomly oriented euhedral prisms (5x25 I'm) embedded in an Na- (15 % Na20) and CI­

rich (3%), Ca-poor (1.5% CaO) mesostasis (see Fig.2b from Sheng et aI., 1991a in 

Appendix). In 3510, sapphirine is localized in small pockets, whereas in BG82CLII it 
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is much mare abundant and distributed in much larger regions. 

Group 2 POls contain minor spinel « 5 %, with the exception of BG82DHIA) 

and abundant plagioclase (30-65 %). Allende inclusions SA-l and BG82DHIA have been 

described by Bactor et 01. (1988; 1989) and Kennedy et a1. (1989, 1991). These two 

inclusions plus BG82CHl, B14D and ADEL-l all have sub-ophitic textures. ADEL-l 

is an inclusion from the Adelaide chondrite and is the most silica-rich POI. A symplectic 

intergrowth of tridymite (or its polymorph) and plagioclase is found in regions interstitial 

to plagioclase laths in the interior of the inclusion. The few forsteritic olivines are 

rimmed by enstatite. A few small clusters of spinel are enclosed within plagioclase laths. 

These spinel grains appear to be strongly resorbed with corroded boundaries (see Fig.2a 

from Sheng et ol., 1991a in Appendix). BG82CUa exhibits a radiating texture 

consisting mainly of plagioclase laths and tabular pyroxene grains. The pyroxenes are 

Fe-poor pigeonite surrounded by diopside. Spinel is rare, and where present, strongly 

resorbed. PPX contains granular olivines poikilitically enclosed in plagioclase. Ca-poor 

pyroxene grains are interstitial among plagioclase and spinel is rare. 

Group 3 POls have the highest abundance of olivine (> 40%) with lesser 

plagioclase « 15 %) and rare spinel. This group is characterized by porphyritic, 

granular and barred textures , commonly found in ferromagnesian chondrules. BG82CUb 

is the only inclusion in this group that has a modest amount of spinel (5%). A cluster 

of spinel grains occurs in the center of the inclusion, enclosed by plagioclase. Olivine 

grains vary greatly in size, ranging from 10 to 200 microns in diameter. Larger grains 

developed near the rim of the inclusion grade into smaller grains towards the center. 
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Both A-47 and BG82CLI resemble barred olivine chondrules, except that plagioclase and 

diopside occur as anhedral grains interstitial to the olivine bars. Redeye consists of large 

olivine grains with interstitial plagioclase and pyroxene and is the only POI exhibiting 

chromium-rich (-30% Cr20 3), rather than aluminous, spineL 

3.2 BULK CHEMISTRY 

Bulk compositions of POls are given in Table 3.2. POls span a wide range in 

composition, reflected in a four-fold variation in CaO (4-17 wI. %), a three-fold variation 

in MgO (10-34 wI. %) and in AIP3 (12-36 wI. %) and more than a ten-fold variation in 

Na20 (0.6-6.8 wI. %). The most calcium- and aluminum- rich POI, ALAI-2, contains 

44.8 wI. % CaO+AI20 3, whereas POI Redeye has only 6.2 wI. % CaO+Al20 3. Since 

Redeye is an extreme member among POls, its composition was excluded from the 

preceding discussion. Corresponding to the classification outlined in the previous 

section, the CaO+AI20 3 content for the three POI groups are: 1) CaO+AI20 3 > 40 

wt.%, 2) 20 % < CaO+AI20 3 < 40 %,3) CaO+AIP3 < 20 % (Fig.3.1). The 

difference in the CaO+ Al20 3 content for the three groups is mainly a reflection of the 

modal abundances of spinel + plagioclase versus olivine. 

The bulk chemical compositions of POls are summarized in Fig.3.2. 

Representative analyses of Types Band C coarse-grained CAIs, fine-grained CAIs and 

CA chondrules are shown for comparison. It is evident from the data plotted in Fig.3.2 

that with the exception of the olivine-rich POI Redeye, the bulk compositions of POls 
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Table 3.2 
POI BULK COMPOSITIONS+ 

Na,O MgO AI,O, SiO, K,O CaO TiO, 

ALAI-2 2.9 10.0 32.0 38.4 0.1 12.8 1.5 
V477 1.9 11.1 27.6 39.0 n.d." 16.8 1.8 
5ALLB6 1.4 13.7 31.6 38.1 n.d. 12.6 0.9 
BG82DH2 1.5 14.9 30.9 38.1 0.1 11.3 0.7 
3510 2.0 11.5 29.6 41.6 <0.1 12.4 0.4 
BG82CLII 3.8 18.1 36.8 31.6 0.1 4.0 0.7 

BG82DHIA 0.7 20.9 24.7 38.9 n.d. 11.4 0.1 
B14D 3.6 13.4 25.7 42.9 0.1 10.1 0.7 
LE01009 1.2 11.6 22.9 47.5 <0.1 9.3 0.9 
SA-l 4.1 11.6 18.5 46.2 0.1 14.7 1.2 
ADEL-l 0.9 9.6 18.4 50.7 n.d. 13.8 0.7 
BG82Cm 3.6 15.0 17.3 45.8 0.2 11.0 0.7 
BG82CLJa 6.8 14.3 17.3 45.5 0.2 9.6 1.3 
SA-lb 5.8 19.9 18.1 43.1 0.5 5.1 0.7 
PPX 2.4 24.1 15.2 43.5 0.1 5.8 0.4 

A-47 1.3 33.1 13.7 42.2 n.d. 6.6 0.3 
BG82CLJb 1.3 34.0 15.6 38.8 n.d. 4.3 0.3 
BG82CLm 1.2 28.5 12.6 43.5 n.d. 6.2 0.2 
BG82CLI 2.0 31.6 12.4 40.9 0.1 5.9 0.4 
REDEYE 1.0 44.6 3.9 41.7 0.1 2.3 0.1 

+ EDS analysis by raster scan of the POI in the thin section . 
• n.d. - not detected 

Cr,O, FeO SUM 

0.3 1.5 99.5 
0.4 1.2 99.8 
0.6 0.6 99.5 
0.3 1.7 99.5 
0.3 1.5 99.3 
0.9 2.9 98.9 

n.d. 3.5 100.0 
0.2 1.6 98.3 
0.6 4.8 98.8 
0·4 1.9 98.7 
0.5 4.6 99.2 
0.5 3.5 97.6 
0.5 2.4 97.9 
0.5 5.2 98.9 
0.5 6.5 98.5 

0.3 1.8 99.3 
0.6 4.1 99.0 
0.4 5.2 97.8 
0.3 4.8 98.4 
0.4 5.6 99.7 
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Fig.3 . ! Difference in the amount of CaO+Al20 3 versus MgO+Si02 among the three 
groups of POls. 
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CHONDRULES 

MgO+ FeO 

Fig.3.2 Bulk compositions of POls (filled circles) compared with the compositional 
range of CAIs, fine-grained CAls, ferro magnesian chondrules and CA 
chondrules. Filled triangles are group 1 POls, squares are group 2 and circles 
are group 3 POls. POls have lower Cao and Al20) content than CAl but higher 
Si02 (a) and Na20 (b). Their compositions overlap with fine-grained CAls and 
CA chondrules. Their compositional differences with CAIs and ferro magnesian 
chondrules are obvious. Sources of data are: CAIs from Mason and Martin 
(1977) and McSween (1977); CA chondrules from Bischoff and Keil (1984); 
Fine-grained CAls from Brigham et al. (1990» and Mason and Martin (1977); 
Ferromagnesian chondrules from McSween (1977). 
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are quite distinct from those of Types Band C CAIs and ferro magnesian chondrules. 

Relative to coarse-grained CAIs, the POls are enriched in Na, Mg and Si and depleted 

in Al and Ca. All POls have CaO contents < 18%, whereas in Types B and C CAls, 

CaO is always> 18% . The bulk compositions of some POls fall within the range of 

compositions exhibited by CA chondrules but, as a group, POls are distinguished from 

CA chondrules by lower contents of Na20, Si02 and FeO. POls are also readily 

distinguished from CA chondrules by their characteristic mineralogy, as will be 

discussed. 

Most POls contain much higher Na20 than coarse-grained CAls. The analyses 

of plagioclase compositions and modal abundances of POls indicate that a significant 

portion (10 to 50%) of the Na20 can be attributed to the albite component in plagioclase 

(An82-An98). In POls with the highest Na20 contents, a large fraction of the Na is 

contained in the mesostasis. As will be discussed later, these interstitial mesostasis 

regions are believed to be primary . In contrast to Type B CAls, only a minor amount 

of the Nap in POls is present in secondary phases such as nepheline and sodalite. 

3.3 MINERAL CHEMISTRY 

3.3.1 Plagioclase 

Plagioclase compositions (Table 3.3) in POls range from An82 to An98. 

Plagioclase contains small amounts ofMgO (0.25-0.92 wt. %) and FeO (0-0.4 wt. %) but 



wt.% Na,O 
sample 

ALAI-2 0.61 
5ALLB6* 0.26 
BG82DH2* 0.50 
3510· 0.54 
BG82CLII 1.16 
BG82DHIA 0.55 
B14D 1.25 
LEOlO09 2.08 
SA-l 0.94 
ADEL-l 1.28 
BG82CHl 1.70 
BG82CLJa 1.23 
SA-lb 1.47 
PPX 0.29 
A-47 0.87 
BG82CLJb 1.56 
BG82CLIb 1.18 
BG82CLI 0.98 
REDEYE* 1.25 

MgO 

0.65 
0.25 
0.44 
0.39 
0.29 
0.64 
0.55 
0.28 
0.54 
0.83 
0.79 
0.64 
0.36 
0.33 
0.56 
0.35 
0.50 
0.46 
0.35 
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TABLE 3.3 
PLAGIOCLASE COMPOSITIONS 

AI,O, Si02 CaO FeO 

36.78 43.18 19.02 0.08 
35.95 43.34 19.43 0.11 
35.43 44.08 19.14 0.12 
35.85 44.64 19.15 0.10 
33.51 46.22 18.52 0.31 
35.34 43.96 18.94 0.57 
34.00 46.03 17.80 0.36 
32.28 47.35 16.61 1.17 
34.48 45.24 18.49 0.33 
32.43 46.96 17.95 0.55 
32.47 46.92 17.13 0.50 
33.89 45.68 18.11 0.42 
34.04 46.10 17.63 0.40 
35.88 43.42 19.39 0.10 
35.02 45.03 18.33 0.19 
33.51 46.00 17.82 0.71 
33.40 46.05 18.61 0.27 
34.57 45.13 18.53 0.33 
33.25 45.95 18.40 0.35 

* WDS analysis. All others EDS analysis. 

SUM An number 
mole % of 

analyses 

100.00 96 3 
99.35 97 12 
99.72 95 15 

100.67 95 8 
100.00 91 12 
100.01 94 3 
99.99 88 7 
99.77 82 2 

100.00 92 3 
100.01 85 3 
99.50 85 3 
99.97 89 13 

100.00 87 2 
101.41 97 2 
100.00 91 2 
100.00 87 2 
100.01 91 3 
100.00 92 2 
99.55 92 2 
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no K20. Both Na20 and MgO contents of plagioclase in POls are higher than typically 

found in plagioclase in Type B CAls, but the positive linear correlation between Mg and 

Na contents in plagioclase (see Fig.5 from Sheng er al., 1991a in Appendix) is similar 

to that found in some Type B CAls (Hutcheon er aI., 1978). No correlation between Fe 

and either Mg or Na in POI plagioclase was observed. Within each POI plagioclase 

compositions are nearly constant with only a subtle increase of < 1 wt% Na20. 

Alteration of plagioclase crystals by low-temperature phases such as sodalite and 

nepheline is not observed except near cracks and near the rims of inclusions. 

3.3.2 Olivine 

Olivine compositions are highly variable among the different POls, but are 

generally forsteritic, ranging from F063 to F099 (Table 3.4). Individual grains in the 

interior of POls are only slightly zoned with rims that are marginally higher in iron 

content. The difference in FeO content between center and rim occasionally reaches 5 

wI. % but is generally less than 1 %. The more iron-rich olivines (F063 to FOgS> are 

consistently found in olivine clusters embayed near the exterior margin of many POls. 

These spherical clusters of equigranular grains are very similar in appearance and 

composition to granular olivine chondrules. In contrast to interior olivines, the cluster 

olivines are strongly zoned in FeO with more Fe-rich rims. The difference in FeO 

content between center and rim of individual grains typically exceeds 5 %. Other than 

their high FeO content, there is no significant difference in their chemistry and Mg 



SAMPLE MgO AI,o, 

ALAl-1 52.98 1.69 
5ALLB6- 55.76 0.09 
SALLB6·c 51.95 0.04 

BG82DIU 54.06 0.22 

3510- 56.09 0.14 

3S10·c 50.90 0.03 

BG82CLlIc 49.40 0.43 

BG82DHIA 55.20 0.00 
BUD- 54.84 0.04 
BUD·c 47.25 0.07 

SA-I 47.47 2.27 

ADEL-l 51.91 0.21 
BG82CHI 52.77 0.00 
BG82CHlc 54.77 0.00 

BG82CWa 46.36 0.13 

SA-lb 52.60 0.23 

PPX 42.37 0.81 

A47 55.00 1.33 

BG82CLJb 54.12 0.25 

BG82CLIb 51.62 0.00 

BG82CLl- 54.69 0.08 

REDEYE- 52.08 0.47 

MIl AI 

ALAl-1 1.864 0.047 
5ALLB6- 1.953 0.002 
SALLB6·c 1.857 0.001 

BG82DHl 1.917 0.006 
3510- 1.976 0.004 

3S10·c 1.832 0.001 

BG82CLDc 1.803 0.012 

BG82DHIA 1.947 0.000 

814D- 1.941 0.001 

814D·c 1.739 0.002 

SA-l 1.743 0.066 

ADEL-l 1.833 0.006 

BG82CHI 1.878 0.000 

BG82CHlc 1.920 0.000 

BG82CWa 1.716 0.004 

SA-lb 1.888 0.007 

PPX 1.604 0.024 

A47 1.923 0.037 

BG82CLJb 1.917 0.007 

BG82CLlb 1.861 0.000 

BG82CLl- 1.922 0.002 

REDEYE- 1.873 0.013 

$00, 

41.77 
42.30 
41.20 

42.12 

42.04 

41.27 

40.62 

42.10 

41.67 

39.54 

38.98 

43.63 

42.36 

43.29 
40.23 

41.16 

38.94 

42.51 

42.20 

41.07 

42.17 

41.35 
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TABLE 3.4 
OLIVINE COMP()SITIONS 

CaO TiO) V,o, Cr10J 

0.62 1.14 0.23 0.00 
0.34 0.13 0.15 

0.30 0.04 0.06 

0.30 0.23 0.03 0.11 

0.12 0.16 0.18 

0.18 0.06 0.06 

0.20 0.11 0.02 0.12 

0.50 0.16 0.00 0.29 

0.17 0.13 0.05 

0.13 0.08 0.04 

0.17 0.09 0.08 0.26 

0.35 0.04 0.00 0.60 

0.25 0.00 0.11 0.09 
0.38 0.13 0.00 0.20 
0.27 0.06 0.00 0.07 

0.22 0.00 0.00 0.00 

0.49 0.00 0.00 0.00 

0.43 0.00 0.25 0.11 

0.46 0.04 0_02 0.04 

0.27 0.09 0_00 0.15 

0.17 0.06 0.00 0.06 

0.38 0.48 

MnO 

0.00 
0.20 

0.12 

0.07 

0.04 

0.06 

0.06 

0.00 

0.08 

0.12 

0.12 

0.07 

0.10 

0.00 

0.00 

0.03 

0.00 

0.15 

Atom Proportions (normaJized to four oxygeos) 

$0 Ca 11 V Cr Mn 

0.986 0.016 0.020 0.004 0.000 0.000 
0.994 0.008 0.002 0.003 0.004 

0.988 0.008 0.001 0.001 0.002 

1.002 0.008 0.004 0.001 0.002 0.001 

0.993 0.003 0.003 0.003 0.001 

0.996 0.005 0.001 0.001 0.001 

0.994 0.005 0.002 0.000 0.002 0.001 

0.996 0.013 0.003 0.000 0.005 0.000 

0.989 0.004 0.002 0.001 0.002 

0.976 0.003 0.001 0.001 0.003 

0.960 0.004 0.002 0.002 0.005 

1.033 0.009 0.001 0.000 0.011 

1.011 0.006 0.000 0.002 0.002 0.002 

1.018 0.010 0.002 0.000 0.004 0.001 

0.999 0.007 0.001 0.000 0.001 0.002 

0.991 0.006 0.000 0.000 0.000 0.000 

0.989 0.013 0.000 0.000 0.000 

0.997 0.011 0.000 0.005 0.002 0.000 

1.002 0.012 0.001 0.000 0.001 0.001 

0.993 0.007 0.002 0.000 0.003 0.000 

0.994 0.004 0.001 0.000 0.001 0.003 

0.998 0.010 0.009 

+WDS analysis. All others EDS analysis. c- cluster olivine. 

FeO N;O SUM DO. 

anal 

1.57 0.00 100.00 2 
1.69 0.02 100.50 23 
7.54 0.02 101.27 8 
2.42 0.06 99.62 8 

0.87 0.01 99.66 13 

8.11 0.08 100.75 4 

8.56 0.01 99.51 13 
1.75 0.00 100.00 2 
3.35 0.02 100.35 17 

14.24 0.06 101.53 8 
10.69 100.01 3 
3.27 100.00 6 
4.19 0.11 100.00 2 
1.17 0.00 100.00 2 

12.79 100.00 5 

5.65 0.00 99.86 2 

17.39 99.99 2 

0.36 0.00 99.99 2 

2.64 0.02 99.79 17 

6.80 0.00 100.00 2 

3.78 0.03 101.20 2 

4.38 99.00 4 

Fe N; CAT 

0.031 0.000 2.968 
0.033 0.000 3.001 

0.151 0.000 3.010 

0.048 0.001 2.990 

0.017 0.000 3.000 

0.164 0.002 3.002 

0.175 0.000 2.996 

0.035 0.000 2.998 

0.066 0.000 3.007 

0.294 0.001 3.021 

0.220 3.002 

0.065 2.957 

0.084 0.002 2.987 

0.023 0.000 2.978 

0.266 2.997 

0.114 0.000 3.006 

0.369 2.999 

0.007 0.000 2.981 

0.053 0.000 2.993 

0.138 0.000 3.004 

0.075 0.001 3.003 

0.088 0.000 2.991 
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isotopic composition with respect to the olivine grains in the interior of the POls. 

3.3.3 Spinel 

Spinels in POls are magnesium-rich, generally containing less than 5 % FeO 

(Fig.3.3). Iron contents of spinels within an individual POI can be variable and 

individual spinel grains are also zoned in FeO. In most cases the center of the grain 

contains less than 2 % FeO. Within individual spinel the variation of FeO content from 

core to rim is generally less than 2 %, but in rare cases such as in POI BG82CLII the 

difference can be as high as 5 %. In contrast to spinels in CAls, which commonly 

contain less than 0.2 wI. % CrP3 (Wark, 1983), the spinels in POls have higher CrP3 

contents, generally over 1 % and as high as 5%. Spinels in 5ALLB6 have the widest 

range of Cr20 3 content, ranging from 0.2 to 10%. A distinguishing characteristic of 

spinel in POI 5ALLB6 is the presence of a 1-2 /tm wide Cr-rich (Cr203 > 5%) mantles 

or overgrowth on Cr-poor (CrP3 < 0.5 %) cores. A gradation of Cr20 3 content between 

core and mantle is observed. The low-Cr cores usually have a corroded appearance, 

whereas the Cr-rich mantles assume euhedral to subhedral forms (see Fig.2c from Sheng 

et at., 1991a in Appendix). Spinel in the unique POI REDEYE contains 20- 30 wI. % 

Cr203' The Cr20 3 content of all spinels in POls is unrelated to the amount of FeO. 

Spinel analyses are given in Table 3.5 and representative analyses are shown in Fig.3.3. 

3.3.4 PY1'oxene 



MgO 

5ALLB6· 27.40 
BG82DH2 24.25 

3510 25.98 

BG82CLII 24.31 

BG82DHIA 24.53 

B14D 16.59 

LE01009 26.53 

ADEL-l 26.84 

REDEYE 18.00 

MIl 

5ALLB6 1.003 
BG82DH2 0.886 

3510 0.938 

BG82CLII 0.882 

BG82DHlA 0 .888 

B14D 0.630 

LEOlOO9 0.943 

ADEL-l 0.952 
I~~~~.~ 0.7 4° 

AI,O, 

64.12 
66.84 

66.63 

68.27 

68.66 

63.44 

70.80 

70.77 

38.85 

53 

TABLE 3.5 

SPINEL COMPOSITIONS 

SiO, Cao TiO, V,O, 

0.00 0.08 1.70 0.56 
0.66 0.21 0.73 0.42 

0.19 0.12 1.72 0.16 

0.45 0.11 0.29 0.07 

0.32 0.16 0.33 0.15 

1.90 0.57 0.35 0.21 

0.34 0.11 0.54 0.00 

0.42 0.16 0.33 0.32 

0.52 0.60 

Cr,O, 

3.88 

1.37 

2.80 

1.73 

1.06 

1.92 

0.00 

0.60 

31.30 

Atom Prooortions (normalized to four OXVl!ens) 

AI Si Ca Ti V Cr 
1.855 0.000 0 .002 0.031 0.011 0.075 
1.931 0.016 0.005 0.013 0 .008 0.027 

1.902 0.005 0.003 0.031 0.003 0.054 

1.958 0.011 0.003 0 .005 0.001 0.033 

1.965 0.008 0 .004 0.006 0.003 0.020 

1.906 0.048 0.016 0.007 0.004 0.039 

1.990 0.008 0.003 0.010 0.000 0.000 

1.983 0.010 0.004 0.006 0.006 0.011 
, ?77 0000 0.000 0.01' 0.013 0.690 

* WDS analysis. All others EDS analysis. 

FeO SUM no. or 
anal. 

1.01 98.72 8 
4.90 99.38 4 

2.40 100.00 2 

4.61 99.83 6 

4.78 100.00 3 

15.01 99.99 2 

1.68 100.00 2 

0.57 100.01 6 

11.05 100.02 2 

Fe Sum 

0.021 2.998 
0.100 2.988 

0.049 2.985 

0.094 2.987 

0.097 2.992 

0.320 2.970 

0.034 2.987 

0.011 2.984 

0.258 2.909 
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Fig.3.3 Projection of representative POI spinel compositions. Other oxide components 
were subtracted from spinel composition. 
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POls contain a variety of different pyroxenes, including AI-, Ti-bearing fassaite, 

diopside, AI-rich enstatite and Fe-poor pigeonite (Table 3.6) . Several different 

pyroxenes may occur in individual POI, especially in group 2 and 3 POls. For example, 

in BG82CUa, BI4D and ADEL-I either enstatite or pigeonite is mantled by diopside. 

Fassaite is a major phase in 4 of the 6 group I POls but is uncommon in groups 2 and 

3 POls. Most fassaites are zoned with respect to Ti and Al and typically exhibit a linear 

relationship between the AI,03 and TiO, contents. The data plotted in Fig.304 reveal a 

bimodal distribution of AI,03/TiO, ratios among POI fassaites that clearly distinguishes 

fassaites in POls from those in Type Bl CAIs. One population, typically found in POls 

containing Ti-rich oxide minerals, is composed of fassaites with roughly equal weight 

AI,03 and TiO, contents. This 1: 1 ratio between AI,03 and TiO, is not found in fassaites 

in other types of CAIs but is characteristic of pyroxenes in ai-malcolite-bearing lunar 

rocks (Sung et ai., 1974). A second population, generally found in POls together with 

AI-rich enstatite, pigeonite and diopside, is characterized by lower TiO, content and 

much higher AI,o/TiO, ratios. These pyroxenes plot near the join between diopside and 

enstatite in Fig.3.5, many of the compositions lie within a field where no terrestrial 

pyroxene compositions exist. The more AI-rich fassaites of this population have 

compositions that fall within the range of fassaite compositions in Type B2 and C CAIs 

(Wark, 1987). Fassaites in POls are also distinguished from those in Type B2 and C 

CATs by their high MnO content, which is typically between 0.1 and 004 % but may be 

as high as 1.0%. Fassaitic pyroxenes with similar MnO content have been found in Al­

rich chondrules (Bischoff et at., 1989). 



WI.'" MgO 
Sample 

ALAI-2 17.22 

5ALLB6 14.89 

BG82DH2 30.72 

BG82DH2 16.06 

3510 34.38 

BG82CLII 33 .65 

BG820HIA 14.27 

B14D 20.23 

B140 31.74 

SA-l 18.65 

ADEL-l· 36.52 

BG82CHI 19.51 

BG82CW a 24.52 

BG82CWa 33 .09 

PPX 35.64 

A47 22.29 

BG82CWb 20.53 

BG82CLIb 38 .13 

BG82CLIb 23 .13 

REOEYE 18.70 

Mg 

ALAI-2 0.927 

5ALLB6 0.814 

BG82DH2 1.592 

BG820H2 0. 868 

3510 1.73 

BG82CLII 1.679 

BG82DHIA 0.776 

B140 1.082 

B14D 1.629 

SA-l 0.998 

ADEL-l· 1.848 

BG82CHI 1.040 

BG82CWa 1.289 

BG82CWa 1.694 

PPX 1.798 

A47 1.173 

BG82CW b 1.089 

BG82CLlb 1.918 

BG82CLlb 1.220 

REDEYE 1.000 

AI,O, 

7.11 

9.38 

3 .06 

7.21 

8.07 

9.87 

10.93 

3 .70 

5.75 

5.57 

1.16 

5.31 

4.09 

3.44 

6.04 

4.80 

3 .71 

1.19 

1.31 

3.80 
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TABLE 3.6 
PYROXENE COMPOSITIONS 

SiO, CaO T iO, Cr1O] MnO 

47.47 20.40 6 .77 0.47 

43.01 21.40 9.47 0 .89 0 .10 

54.25 6.41 2.58 0.87 0.21 

46.81 20.18 8.08 0.77 0 .05 

53.16 0.62 2.81 0.56 0.03 

53 .59 0.61 1.51 0 .84 0 

44.04 22.54 7 .03 0.53 

51.56 17.50 4.28 1.20 0.20 

53 .99 4.57 1.49 0 .70 0.08 

51.28 21.09 2.30 0 .66 

58.11 2.07 0.28 0 .57 0.10 

50.70 16.92 3 .73 2.79 0 

53.12 13 .97 2.17 0.93 0.21 

55.62 4.47 0 .98 0 .72 0.17 

54.90 0.98 0 .64 0 .90 0 

53.03 16.45 2.04 0.80 0 

52.61 17.97 3 .42 1.12 0 

58 .15 0 .63 0 .16 0.49 

55.52 18.43 0.61 0 .70 0 

52.90 20.80 1.30 0.20 

FeO 

0.50 

0.54 

1.15 

0.60 

0 .36 

0.68 

0 .59 

0.74 

0 .94 

0 .21 

0.78 

1.05 

0 .74 

1.00 

0 .71 

0.59 

0 .65 

1.25 

0.30 

2.80 

Atom Proportions (normalized to six oxygens) 

AI Si Ca Ti Cr Mn Fe 

0.303 1.714 0.789 0.184 0.014 0.015 

0.406 1.577 0 .841 0.261 0 .026 0 .003 0.017 

0.125 1.886 0 .239 0.067 0.024 0 .006 0.033 

0.308 1.696 0.784 0 .220 0.022 0 .002 0 .018 

0 .321 1.795 0.022 0.071 0.015 0 0 .0 10 

0.389 1.793 0.022 0.038 0 .022 0 0.019 

0.47 1.606 0 .881 0 .193 0.015 0.018 

0 .156 1.850 0.673 0 .116 0.034 0.006 0 .022 

0.233 1.859 0.169 0 .039 0.019 0.002 0 .027 

0.236 1.840 0.811 0.062 0.019 0 0.006 

0.046 1.973 0.Q75 0.007 0.Q15 0.003 0.022 

0 .224 1.813 0 .648 0 .100 0 .079 0 0 .032 

0. 170 1.873 0.528 0 .058 0.026 0.006 0 .022 

0.139 1.910 0 .164 0.025 0.020 0.005 0 .029 

0.241 1.858 0.036 0.016 0.024 0 0.020 

0 .200 1.873 0.622 0 .054 0.022 0 0.017 

0.156 1.872 0.685 0 .092 0.032 0 0.019 

0.048 1.962 0 .023 0 .004 0.013 0.035 

0.055 1.964 0.699 0 .016 0.020 0 0.009 

0 .161 1.898 0.800 0 .035 0 .006 0.084 

*WDS analysis. All others EDS analysis. 

SUM Dumber or 
analysis 

99.94 3 

99.67 5 

99.26 5 

99.78 9 

99.99 4 

99.88 8 

99 .93 2 

99.42 3 

99.26 2 

99.77 3 

99.58 3 

100 3 

99 .66 9 

99.48 7 

99 .81 2 

100 2 

100 2 

100 3 

100 2 

98.50 2 

CAT 

3.945 

3.945 

3.972 

3 .918 

3 .966 

3 .963 

3 .959 

3 .939 

3 .977 

3 .971 

3 .989 

3 .935 

3 .971 

3.986 

3.993 

3 .962 

3 .943 

4.003 

3.982 

3.984 
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PYROXENE COMPOSITION 

25.----------------------------

20 Type 81 CAl 

..-.. 15 ~ 0 

~ • - • C') • • 0 
N 

10 ,. • ~ • • • I 

• 

o 5 10 15 
Ti02 (wt<>/o) 

Fig.3.4 Plot of AlP3 versus Ti02 in POI pyroxenes. Ti-rich pyroxenes plot along the 
AI20 3:Ti02 = 1: 1 line. A second group show high AI20/Ti02 ratios. They 
are characteristic of the Ti-poor pyroxenes in POls. A comparison with 
fassaites of Type BI CAl (Wark, 1987) is shown. 
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Sallte Perrosilite 

Augite Perroaug1te 

SUlbcalcl'c .. Augite SUbcalcic Perroauglte 

P1geonite 

Fig.3.5 Projected composition of the Ti-poor pyroxenes in POls. These compositions 
lie along the join between enstatite and diopside. Some plot in a region 
(hachured region) where no terrestrial pyroxene compositions were found. Ti 
and Al contents in these pyroxene were subtracted as CaTiAL,O. component. 



59 

Calculations of T?+ versus Ti4+ in Ti-rich fassaites, made by assuming pyroxene 

stoichiometry, suggest that 60-80% of the total Ti is trivalent , similar to fassaites in Type 

B CAL Such ratios suggest that pals formed in a reducing environment similar to that 

inferred for CAl (Stolper, 1982; Beckett, 1986). 

3.3.5 Accessory Phases 

a) Al'malcolite 

Three group 1 POls (5AllB6, BG82DH2, ALA 1-2) contain armalcolite, 

accompanied by the Ti-rich oxides rutile, ilmenite, perovskite and zirconolite. The 

composition of armalcolite in pals differs from the ideal formula (Mg.,.sFeo.sTi20s) in 

that the Mg/Fe ratio is much higher, ranging from 1.2 to 4.3 (Table 3.7). This ratio is 

also much different from that characteristic of armalcolite in lunar and terrestrial rocks, 

in which the Mg/Fe ratios ranges from 0.36 to 0.49 (Haggerty, 1973; Pedersen (1981). 

One group 2 POI (SA-I) also contains armalcolite (Boctor et aI., 1989) but its 

composition is quite different from that of the armalcolite in group 1 pals. Whereas an 

ilmenite rim surrounding armalcolite is commonly observed in lunar basalts (El Goresy, 

1976), no rims are found on the armalcolite in POls. Armalcolite in 5ALLB6 exhibits 

submicron lamella of armalcolite, rutile and ilmenite (see Fig.2d from Sheng et aZ. , 

1991a in Appendix), indicating the breakdown of armalcolite by the reaction 



Oxide 
wt.% 

MgO 
CaO 
MnO 
FeO 
AI,O, 
V,O, 
Cr,O, 
SiO, 
TiO, 
zrO, 
SUM 
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Table 3.7 
ARMALCOLITE COMPOSmONS' 

SALLB6+ BG82DH2+ ALAI-2+ Lunar' 
(10) (5) (3) 

10.68 16.99 13 .75 6.93 
0.98 2.41 0.69 0.32 
n.a. n.a. n.a. 0.16 
6.80 6.37 2.49 15.08 
1.21 1.57 3.78 1.61 
1.41 0.6Q 0.96 n.a. 
3.68 0.83 0.26 2.44 
0.51 1.10 1.40 0.32 

74.23 70.25 76.67 74.82 
0.30 n.a. n.a. <0.05 

99.00 100.12 99.6Q 101.73 

Number or cations normalized to 5 oxygens 

Mg 0.553 0.870 0.685 0.363 
Ca 0.036 0.089 0.Q25 0.012 
Mn 0.041 
Fe 0.198 0.183 0.070 0.407 
AI 0.050 0.064 0.149 0.067 
V 0.039 0.017 0.026 
Cr 0.101 0.023 0.007 0.068 
Si 0.018 0.038 0.047 0.011 
Ti 1.941 1.815 1.927 1.976 
Zr 0.005 0.001 

SUM 2.941 3.099 2.936 2.946 

• Average WDS analyses (number of analyses) 

Disko' 

8.40 
0.10 
0.55 
13.50 
1.25 
n.a. 
0.22 
0.10 

75.20 
0.11 

99.43 

0.446 
0.004 
0.019 
0.401 
0.053 

0.006 
0.004 
2.017 
0.002 

2.952 

Data from: ' Haggerty (1973); § Pedersen (1981); + This study. 
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where x is between 0 and 1. This reaction is rarely observed in lunar and terrestrial 

samples and may provide information on the low temperature subsolidus history of POls. 

b) ZiI'conolite 

Zirconolite (CaZrTi20 7) occurs as micron-size, irregularly shaped blobs 

surrounding a small, 3 I'm perovskite crystal in an interstitial region between plagioclase 

and olivine in POI 5ALLB6. WDS analyses of the zirconolite total only to about 90 

wt. % (7.57% CaO, 2.11 % MgO, 0.27% FeO, 1.81 % AIP3, 0.23% Cr20 3, 29.27% 

Zr02, 40.53% Ti02 , 2.45% SiD" and including 5.59% Y203 and 1.07% CeO). 

Although other REE were not analyzed, I have identified the presence of Nd, Gd, Dy, 

Er and Yb using a long counting time with the EDS. If the abundances of these elements 

are similar to those in lunar zirconolites (Haggerty, 1973; Meyer and Boctor, 1974), 

these REE would comprise the missing components in the electron probe analysis. The 

major differences in composition between terrestrial, lunar and POI zirconolites appear 

to be in their Ca and Fe contents. Terrestrial zirconolites show high CaO (> 10%) and 

FeO (5%) (Lorand and Cottin, 1987), lunar zirconolites show high FeO (10%) and low 

CaO « 3 %), whereas zirconolite in the POI has moderate CaO (7.5 %) and very low 

FeO (0.3 % ). The low FeO in the Allende zirconolite appears to be related to the very 

low concentration of Fe in the inclusion. 

c) Sapphirine 



Oxide 
wt.% 

MgO 
CaO 
MnO 
FeO 
AI,O, 
V,O, 
Cr,O, 
SiO, 
TiO, 

SUM 
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Table 3.8 
SAPPIllRINE COMPOSITIONS 

°BG82CLII '3510 + Finero 'Mauson 

23.58 23.13 21.5 19.89 
0.15 0.22 0.52 1.13 
0.12 n.d. 0.04 n.a. 
0.52 0.27 3.90 3.16 

53.92 53.86 58.0 54.77 
0.06 0.15 n.a. n.a. 
1.89 1.12 n.a. n.a. 

19.49 18.50 16.0 16.71 
1.60 2.30 0.01 0.67 

101.33 99.55 98.97 96.33 

Number of cations normalized to 10 oxygens 

Mg 2.010 2.003 1.880 1.800 
Ca 0.009 0.014 0.033 0.073 
Mn 0.006 0.003 
Fe 0.Q25 0.013 0.190 0.160 
AI 3.634 3.688 4.010 3.918 
V 0.003 0.007 
Cr 0.085 0.051 
Si 1.115 1.075 0.939 1.014 
Ti 0.069 0.101 0.031 

SUM 6.956 6.952 7.055 6.986 

° This study; average of 4 WDS analyses; , EDS analysis; 
+ sapphirine in hornblende-granulitic facies rock from 

Italian Alps (Lensch, 1971); § sapphirine from Antarctica 
(Segnit, 1957). 
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Sapphirine was observed in the two Allende POIs BG82CLII and 3510. This is 

the first reported meteoritic occurrence of sapphirine. The composition of sapphirine, 

calculated from the average composition from four electron probe WDS analyses (cf., 

Table 3.8), is 

Mg2.01 F eo.03Cao.Ol Mno.ol AI3 ... Cr o.09Si 1.12 Tio-",O I 0 

and deviates from the ideal formula, Mg2AI4SiO iO. Variations in sapphirine compositions 

attributed to the coupled substitution of Mg and Si for Al have been observed in 

terrestrial samples and a number of different formulae have been proposed (Deer et al., 

1978). Terrestrial sapphirine closely approaches a solid solution series between 

MgsAI16Si404o and Mg7AIIsSi304o, However, the composition of sapphirine in the POI 

appears to be higher in MgO and Si02 than terrestrial sapphirine (Table 3.8). A 

significant difference in minor element abundances between Allende and terrestrial 

sapphirine is also observed. Allende sapphirine has much higher concentrations of Ti02 

and Cr20 3, presumably due to the higher abundance of these elements in the inclusions. 

Synthetic sapphirine crystallized from a melt whose composition approximates 

compositions of sapphirine-bearing POI (see Chapter 5) , is also enriched in MgO and 

Si02 relative to the ideal sapphirine composition, and has a composition corresponding 

to Mg2.12CaO.Ol AI3 .74Si1.loTio.OlOlO, very similar to that of natural POI sapphirine. 

3.3 .6 GlllSS lind mesostllsis 
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Many pals contain optically isotropic or very fine grained regions in their 

interiors. These areas are localized either in interstitial regions or as matrix surrounding 

randomly oriented euhedral silicates. There is no clear evidence of reaction at 

mesostasis-crystal contacts. As shown in Table 3.9, these areas contain variable amount 

of Na,O (1-18%), and in extreme cases can account for 90% of the total Na content in 

the bulk POI. In some cases, micron sized grains of sodalite and nepheline were 

observed in these regions. CaO is always depleted relative to the inclusion's bulk 

composition. Very high SiO, contents (63 and 91 %) were observed in the interstitial 

glassfmesostasis region in two POIs. The compositions of residual melts derived by 

fractional crystallization from melts of the bulk compositions of the pals, are similar to 

the compositions of the mesostasis, suggesting that the mesostasis regions are the product 

of fractional crystallization rather than low-temperature metamorphism. The trace 

element concentration and distribution among the crystalline phases and mesostasis also 

suggest closed system crystalfmelt partitioning (see REE section). 

TABLE 3.9 
GLASS AND MESOSTASIS COMPOSITIONS+ 

wt.% Na;!O MgO AI,O, SiO, CaO TiO, Cr,O, FeO SUM 
sample 

ALAI-2 8.2 13.8 26.3 33.8 6.1 1.8 0.5 6.6 97.1 
BG82DH2 3.0 13.7 23.2 46.7 10.8 1.1 0.3 0.7 99.5 
3510 3.4 13.5 35.7 39.6 4.2 1.3 0.6 0.7 99.0 
BG82CLII 15.8 7.3 26.5 43.9 1.5 0.4 0.8 0.5 96.7 
B14D 11.1 8.8 32.7 35.0 5.7 0.2 0.1 3.2 96.8 
BG8CCLJa 18.0 7.8 24.6 41.0 6.1 0.7 0.2 1.2 99.6 
LEOlOO9 1.1 0.3 3.6 91.2 2.1 0.7 0.1 1.0 100.1 
ADEL-l 1.3 1.9 16.8 63.3 9.2 0.8 0.3 5.7 99.3 

+ EDS analysis. 
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3.4. REE DATA 

Rare Earth Elements CREE) were measured in plagioclase (5ALLB6, BG82CLll, 

and PPX), pyroxene (ALAI-2, 5ALLB6, BG82CLII, PPX, and BG82CH1), and 

mesostasis (5ALLB6, 3510, BG82CLII, B14D, and BG82CUa). REE abundances for 

all minerals analyzed are given in Tables 3.10-3.13, and the chondrite-normalized REE 

patterns are shown in Figures 3.6-3.8. Each set of REE data represents ion microprobe 

analysis of individual 10 I'm spots within a phase. 

Mineral and glass standards with compositions similar to the phases analyzed were 

used to calculate sensitivity factors (Kennedy et al., 1991). The sensitivity factor is the 

ratio of the concentration normalized secondary ion intensity of the element in question 

to the concentration normalized secondary ion intensity of the reference element (Beckett 

el aI., 1990). Mineral standards are Angra dos Reis fassaite and Moore County 

plagioclase. Glass standard contains trace elements concentration of about 1000 ppm and 

has major element composition of 60 mole % akermanite (Beckett et aI., 1990). Trace 

element contents of all standards have been measured by neutron activation analysis. 

Measurements of standards were performed at the start and end of each ion microprobe 

session. 

Plagioclase analyses show LREE-enriched (2-4 x chondritic) patterns with 

positive Ell anomaly (8-15 x chondritic) relative to HREE (0.1-1 x chondritic). A 

striking feature is the plagioclase in BG82CLII exhibiting a pronounced Tm anomaly 

(Fig.3.6). A wide range of REE abundance is observed in pyroxenes. All pyroxenes 



ppm 5ALLB6 

La I.SS±0.21 
Ce 1.9S±0.1l 
Pr 2.35±0.30 
Nd 3.00±0.38 
8m 4.25±0.61 
Eu 1.25± 1.15 
Gd 5.40±0.75 
Tb 6.50±0.99 
Dy 7.1O±0.32 
Er 7.60±0.49 
Tm 7.00±0.94 
Lu 8.10+2.10 

5ALLB6 

17.80±4.3 
29.00±4.8 
40.S0±7.4 
50.00H.8 
74.00±15.4 
1.12± 1.04 
98.00±20.6 
100.2±14.6 
101.0±8.9 
101.0±14.6 
l00.0±39.4 
101.5±34.4 
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Table 3.10 
Clinopyroxene 

5ALLB6 5ALLB6 

1.09±0.26 2.20±1.59 
1.72±O.13 2.10±1.06 
2.32±0.41 2.S0±0.98 
3.14±0.69 2.89±1.01 
4.72±1.00 3.97±1.04 
0.77±1.30 1.56± 1.86 
5.71±0.81 4.69±1.36 
6.80±0.92 6.18±1.37 
7.9HO.52 6.36±0.56 
9.02±0.94 6.32±0.91 
9.20±1.70 5.20±1.30 
8.80±2.30 6.50±2.58 

Table 3.11 
Low Ca Pyroxene 

ALAI-2 ALAI-2 

8.S2±2.64 36.87±S.1l 
8.96±2.68 42.66±3.S9 
10.12+2.68 35.34±9.93 
11.85±1.93 35.09±7.11 
12.54±2.87 35.69±10.10 
8.49±1.66 11.71±2.31 
14.6l±1.24 27.40±5.54 
13.08±2.59 27.15+5.64 
19.11±1.23 28.45±2.93 
19.77±1.74 28.6H2.26 
20. 14±3.05 41.41±4.17 
22.67+4.98 28.28+5.25 

ppm BG82CHI PPX BG82CLII BG82CLII BG82CLII 

La 0.39±0.07 2.29±0.21 0.50±0. 11 0.17±0.08 0.5l±0.16 
Ce 0.4l±0.09 2.35±0.23 0.5HO.07 0.24±0.OS 0.55±0.09 
Pr 0.50±0.10 2.33±0.25 0.59±0.13 0.38±0.13 0.54±0.05 
Nd 0.52±0.03 2.31±0.29 0.70±0.13 0.49±0.23 0.64±0.13 
8m 0.62±0.08 2.40±0.30 1.30±0.14 1.70±0.42 1.34±0.23 
Eu 0.31 ±0.41 l.50±0.80 0.OHO.81 0.OHO.41 0.07±1.20 
Gd 0.70±0.30 2.32±0.41 1. 65±0.40 2.34±0.35 1.40±0.30 
Tb 0.72±0.31 3.05±0.47 2.00±0.61 2.86±0.76 1.40±0.34 
Dy 0.87±0.25 3.91±0.38 2.80±0.19 3.74±0.31 2.34±0.26 
Er 1.16±0.18 5.19±0.62 1.l0±0.15 l.71±0.33 0.86±0.18 
Tm I.S1 ±0.81 5.69±0.70 12.00±1.70 16.25±1.64 9.60±1.90 
Lu 1.91 + 1.10 7.45+1.10 1.00+0.73 0.91+0.57 1.34+0.61 



ppm PPX 

La 3.52±0.12 
Ce 3.16±0.1l 
Pr 2.41±0.19 
Nd 2.61±0.27 
Sm 2. 11±0.43 
Eu 7.60±1.10 
Gd 0.76±0.30 
Tb 1.26±0.33 
Dy 0.81±0.28 
Er 0.40±0.47 
Tm 0.21±0.85 
Lu 0.53±1.20 

ppm BG82CLII BG82CLII 

La 240±41 273±52 
Ce 295±52 361H8 
Pr 260±52 323H2 
Nd 230±45 290±61 
Sm 255±59 308H6 
Eu 11.5±48 14.5±5.3 
Gd 170±72 181±76 
Tb 180±59 196±67 
Dy 160±23 204±28 
Er 40±9 48±10 
Tm 275±67 376±83 
Lu 12±I8 2±40 
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Table 3.12 
Plagioclase 

BG82CLII 5ALLB6 

4.05±0.1O 2.90±0.21 
4.20±0.05 2.35±0.17 
3.15±0.24 2.00±0.20 
3.20±0.25 1.60±0.26 
2.90±0.85 1.40±0.27 

BG82ClJa 

0.71±0.66 
0.96±0.34 
0.75±0.62 
0.61±0.42 
0.77±0.64 

10.70±2.37 14.00±3.30 1O.37±1.77 
1.32±0.49 1.23±0.42 
0.67±0.70 0.86±0.40 
0.59±0.23 0.82±0.13 
0.19±0.42 0.50±0.16 
2.67±1.34 0.10±0.05 
0.08±1.87 0.32±0.40 

Table 3.13 
Mesostasis 

5ALLB6 BG82ClJa 

36.0±5.8 1.41±0.27 
37.0±3.9 1.40±0.32 
32.5±4.5 1.09±0.24 
29 .5±3.2 1.14±0.41 
27.5±3.0 0.98±0.32 
17.5±10.0 0.75±0.21 
26.5±6.8 0.82±0.29 
26.0H.3 0.81 ±0.33 
28.0±2.3 1.01±0.41 
29.5±3.0 1.10±0.29 
26.5±4.2 1.23±0.28 
28.0± 12.9 1.44±0.77 

0.16±0.33 
0.16±0.34 
0.22±0.32 
0.13±0.50 
0.38±0.51 
0.25±0.67 

3510 B14D 

13.89±1.95 1.41+0.43 
13.29±1.31 1.40±0.24 
15.09±3.21 1.09±0.25 
16.39±3.81 1.14±0.37 
15.93+4.40 0.98±0.31 
9.37±1.45 0.75±0.22 

12.96±5.91 0.82±0.16 
13.81 H.85 0.81±0.26 
13.83±5.75 1.01±0.31 
12.83+6.91 1.10±0.89 
11.18+8.13 1.23±0.62 
12.71±8.00 1.44±0.63 
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are depleted in the light rare earth elements (LREE = 0.4-11 X chondritic) and Eu 

(0.03-8 x chondritic) relative to heavy rare earth elements (HREE = 1-100 x 

chondritic). The slightly higher LREE in one of the analysis of ALAI-2 is probably due 

to overlap of the ion beam on another phase. Lower REE abundances are found in 

pigeonite and aluminous enstatite (Fig.3.7a) while higher abundances are associated with 

Ca-rich clinopyroxene (Fig.3.7b). In inclusion 5ALLB6, the REE abundances of 

pyroxenes varies significantly. Interstitial pyroxenes, which were texturally identified 

to crystallized very late, are ten times higher in their REE abundances relative to earlier 

pyroxene (Fig.3.7b). In BG82CLII, the Tm anomaly, which is observed in its 

plagioclase, is also present its pyroxene (Fig.3.7). 

The mesostasis of five POTs were analyzed. The REE abundances in the 

mesostasis vary significantly among POTs (1-300 x chondritic). While the REE patterns 

of the mesostasis in 3510, BI4D, 5ALLB6, and BG82CLa are relatively flat, ranging 

from 1-40 x chondri tic, the mesostasis in BG82CLII is significantly different (Fig.3.8). 

Its REE pattern is highly enriched in LREE (200-400 x chondritic) and exhibits a 

distinct depletion of Eu (- 15 x chondri tic) and positive Tm anomaly (- 300-400 x 

chondritic). 

Since pyroxene, plagioclase, and mesostasis are the major REE carriers in POls, 

I attempted to calculate the bulk REE pattern of three inclusions in which all three phases 

were analyzed. The REE patterns are calculated by summing the abundance of each 

element in all the three phases according to their estimated modal abundance in the 

inclusion. For the POTs PPX and 5ALLB6, the calculated bulk REE pattern is relatively 
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flat, and about 2-3 x chondritic (Fig.3.9). Both show a positive Eu anomaly. This type 

of pattern has been identified in many coarse grained CAIs (see Boynton, 1984 and 

references therein) and is referred to as Group I by Mason and co-workers (Martin and 

Mason, 1974; Mason and Martin, 1977; Taylor and Mason, 1978) . The positive Eu 

anomalies have been explained by (1) multiple episodes of condensation and isolation of 

grains from the solar gas. Removal of these grains after most of the REE had condensed 

resulted in an overabundance of the more volatile Eu in the remaining gas, which upon 

further condensation, would yield an Eu enrichment in the later grains; (2) the grains in 

these inclusions were a mixture of pre-existing material. The components which mixed 

together would have contributed REE and other trace elements according to mineral 

preference effects rather than volatility effects. The more pronounced Eu anomaly in the 

POTs may be due to oversampling of plagioclase. A different type of REE pattern is 

observed in BG82CLII. This type of REE pattern is typically found in fine grained 

CAIs, and was first identified by Tanaka and Masuda (1973). The bulk REE pattern of 

BG82CLII is fairly similar to that in its mesostasis. This result is due to the fact that 

most of the REE in the inclusion is contained in the mesostasis. 

In all of the POTs analyzed, the plagioclase and pyroxene appear to exhibit 

complementary REE patterns. Late crystallizing phase contains higher REE abundance 

(e.g., pyroxene in 5ALLB6), suggesting REE enrichment in the melt with progressive 

crystallization. The Tm anomaly in BG82CLlI is observed in all its constituting phases, 

suggesting that they all crystallized from a melt enriched in Tm. These observations are 

consistent with a closed system crystallization of the inclusions. 
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Fig.3.6 Chondrite-normalized REE abundances for plagioclase of 5ALLB6, PPX, 
BG82CLll, and BG82CUa. Chondritic values from Anders and Grevesse (1989). 
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Fig.3 .7 Chondrite-normalized REE abundances for a) low Ca pyroxene (BG82CHl, 
PPX, and BG82CLII) and b) clinopyroxene (5ALLB6 and ALAl-2). 
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Fig.3.8 Chondrite-normalized REE abundances for mesostasis of 3510, B14D, 
BG82CLII, 5ALLB6, and BG82CUa. 
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Fig.3.9 Chondrite-normalized REE abundances for bulk inclusions calculated from REE 
and modal abundances of constituent phases. 
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3.5. COMPARISON OF PLAGIOCLASE-OLIVINE INCLUSIONS WITH CAIs 

Arm CA CHONDRULES 

POls constitute a distinct group of objects distinguished from both CArs and 

chondrules by their mineralogy, chemistry and isotopic composition. Objects that have 

the closest resemblance in bulk composition to POls are the Type C (or I) CAls (Wark, 

1987; Grossman, 1975) and CA chondrules (Bischoff and Keil, 1984). Type C CAIs are 

anorthite-rich (An99_Joo) refractory inclusions with substantial amounts of fassaite and 

spinel, and can have melilite and olivine. POls and CA chondrules are transitional Ca­

AI-rich objects between CATs and ferro magnesian chondrules. POls consist of plagioclase 

(A nS2-9s) , olivine (F063_99), enstatite, clinopyroxene and nearly pure MgAIP. spinel in 

various proportions. Plagioclase is always a major component (> 10 volume %) and 

sometimes the dominant (> 60 volume %) phase in POls. POls are generally spheroidal 

ranging 0.5-5 mm in diameter. CA chondrules commonly consist of small (~1 mm) 

chondrules containing elongated, partly skeletal crystals of fassaite and olivine embedded 

in a fine-grained Na-rich microcrystalline to glassy matrix . Sodic plagioclase (mean 

An go) occurs occasionally while spinel is rare and usually Fe-rich (12-20 wt. % FeO). 

POls are easily distinguished from both CA chondrules and Type C CAls on the basis 

of their petrography and mineralogy and compose a distinct group unrecognized in 

previous studies . A comparison of the chemical features between POls, Type C CAls 

and CA chondrules as well as Type B CAls is shown in Table 3. 14. 
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Table 3.14 Comparison of POI with Type B, Type C CAl and CA Chondrule 

POI Type C CAl CA chondrule TypeB CAl 

Bulk Chemistry range (mean) range (mean) range (mean) range (mean) 
(wt. %) 

Na,O 0.7 -6.8 (2.5) 0.05.().7 (0.2) 0.5-4.6 (4.5) 0.07.().9 (0.3) 
MgO 10-45 (19) 4-13 (7) 4-34 (14) 9-16 (10) 
CaO 2-17 (10 18-26 (22) 4-18 (7) 22-32 (27) 
MnO <0.2 - 0.02'().4 -
FeO 0.6-6.5 (3) 0.1'().9 (0.4) 2-14 (6) 0.3-1.7 (1.8) 
AI,O, 4-37 (22) 26-47 (32) 11-28 (17) 25-34 (31) 
Cr,O, 0.2'().9 (0.45) 0.03.().5 (0.13) 0.1-3.2 (0.5) 0'().08 (0.05) 
Sia, 36-50 (41) 21-41 (37) 40-57 (51) 25-35 (29) 
TiO, 0.4-1.8 (0.7) 0.6-1.6 (1.1) 0.3-1.3 (0.7) 0.9-1.9 (1.5) 

Modal Mineralogy (vol. %) 

spinel 0-25 2-25 minor 15-30 
plagioclase 5-60 30-60 nunar 5-25 
melilite none 10-25 none 5-20 
olivine 10-70 minor major none 
calcic pyroxene 0-30 10-30 major 35-60 
low-Ca pyroxene 0-35 1lll1l0r major none 

Other phase 

armalcolite rare - - -
zirconolite rare - - -
rutile rare - - -
perovskite rare common - common 
sapphirine rare - - -
glass rare - common -
refractory OA rare present - common 

Mineral Chemistry 

plagioclase An82-99 An,.,.,oo An»91 An,.,.,oo 
olivine F°88-99 Fo7J.99 
fassaite(wL % TiO,j 2-13 2-12 0.6-4.3 3-11 

(wt. % AI,O,) 4-15 14-24 12-25 14-21 
spinel (wt. % FeO) 0.3-5 0.1-1 12.4-19.8 

Texture basaltic basaltic granular zoned 
ophitic ophitic porphyritic rim sequence 
granular skeletal spinel-
porphyritic radiating framboid 
radiating 

Size (diameter mm) 0.5-5 0.5-7 0.1'().2 4-13 

Initial" Alf' AI <10" -10" -5xHt' 

FM , >0 or <0 0 0 
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CHAPTER FOUR 

Mg ISOTOPE COMPOSITION 

The Mg isotopic data were obtained on several different crystals of the major 

phases in each of the POI studied. The purpose was to establish the presence of isotopic 

effects due to either mass-dependent fractionation, general nonlinear effects or radiogenic 

"Mg" from 26AI decay. During the course of these analyses it became clear that 

particular attention to the isotopic homogeneity of POI was required. Measurements on 

spinel, olivine, pyroxene and plagioclase are summarized in Fig.4 and in Tables 4.1 and 

4.2., where I present the Mg isotope fractionation (FMo) relative to a standard, the 26Mg 

excess expressed as b26Mg, and for plagioclase, the 27 AI/24Mg ratio. 

4.1. Mg Isotope Fractionation 

4.1.1. Mg isotope fractionation in silicates 

Mg isotopes of plagioclase in 12 POls were analyzed, one of which was reported 

by Hutcheon (1982) and one from Papanastassiou et al. (1984). The data is shown 
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Table 4.1 
Mg ISOTOPIC COMPOSITIONS OF POI PLAGIOCLASE 

SAMPLE F"" %" Ii26Mg %. 71Alf'Mg 
±20'mean ±2u mean ±2u mean 

plagioclase 

SALLB6 plagl 1.5 ± 3.3 5.8 ± 5.6 166.8 ± 5 
SALLB6 plag2 0.5 ± 1.8 4.6 ± 3.6 201.7 ± 5 
SALLB6 plag3 0.9 ± 1.3 4.2 ± 3.1 222.3 ± 5 
5ALLB6 plag4 1.5 ± 1.7 1.2 ± 3.9 130.1 ± 5 
BG82CLJb plagl 1.4 ± 1.5 -0.1 ± 2.1 78.2 ± 5 
B14D plagl 1.0 ± 1.3 2.3 ± 2.2 85.2 ± 5 
B14D plag2 2.2 ± 1.8 1.3 ± 3.0 159.1 ± 5 
3510 plagl • 4.3 ± 2.3 58.7 ± 5 I 

3510 An I" -3.0 ± 1.8 5.0 ± 3.0 98 ±5 
3510 An 2-1" 0.5 ± 2.4 6.0 ± 4.0 128 ± 5 
3510 An 2-2" -2.1 ± 1.8 7.0 ± 3.0 103 ± 5 
3510 An 2-3" -2.0 ± 2.2 3.0 ± 4.0 86 ± 5 
3510 An 5" -2.2 ± 2.0 2.0 ± 4.0 114 ±5 
BG82DHl plagl t 3.3 ± 1.9 62.3 ± 5 
BG82DH2 plag2 1.2 ± 1.3 1.0 ± 2.3 86.7 ± 5 
PPX plagl 8.0 ± 2.4 -2.1 ± 4.9 183.3 ± 5 
PPX plag2 6.3 ± 1.8 0.0 ± 3.2 150.0 ± 5 
V477 plagl 4.0 ± 1.6 -0.4 ± 3.0 110.5 ± 5 
ADEL-l 3.0 ± 1.0 -1.1 ± 1.8 28.7 ± 5 
BG82CHl plagl 4.6 ± 1.4 -0.8 ± 2.4 35.4 ± 5 
BG82CH1 plag2 3.7 ± 1.6 0.3 ± 2.6 40.0 ± 5 
BG82CHl plag3 4.8 ± 1.4 1.2 ± 2.5 39.1 ± 5 
ALAl-2 plag1 -3.3 ± 1.3 -0.6 ± 4.9 177.9 ± 5 
BG82CLII plagl 1.8 ± 1.5 -0.1 ± 2.1 78.2 ± 5 
REDEYE plag1' 0.5 ± 2.1 1.3 ± 0.9 

• Ion probe isotope data from Hutcheon (1982); , Thermal ionization 
isotope data from Papanastassiou et al. (1984); 
t FM& values not calculated. 
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Table 4.2 
Mg ISOTOPIC COMPOSITIONS OF 

OTHER PHASES 

SAMPLE FM , ro. c\"'Mg ro. 
±2C7 mean ±2C7 mean 

olivine 

SALLB6 011 -1.3 ± 0.8 0.9 ± 1.9 
BG82CLJb 011 .{l.8 ± 1.0 0.6 ± 1.9 
BG82CLJb 012 .{l.4 ± 1.2 0.1 ± 2.0 
3510011 0.3 ± 0.7 -2.1 ± 1.3 
35100'· 0.4 ± 1.0 2.5 ± 1.2 
3510 01· .{l.8 ± 1.2 .{l.8 ± 1.4 
BG82DH2 011 -1.3 ± 0.8 2.4 ± 1.5 
PPX 011 -1.2 ± 0.8 -1.7 ± 1.5 
BG82CLII 011 -1.5 ± 0.9 0.9 ± 1.5 
BG82CLIa 011 1.0 ± 0.7 0.3 ± 1.2 
ADEL-l 011 1.0 ± 0.9 .{l.5 ± 1.6 
REDEYEoll 2.6 ± 1.1 -1.1 ± 0.2 
REDEYE 012 0.7 ± 1.8 .{l.4 ± 0.2 

spinel 

SALLB6spi 6.4 ± 0.9 3.1 ± 1.8 
SALLB6sp2 6.0 ± 1.1 0.0 ± 1.9 
SALLB6sp3 3.7 ± 1.1 3.6 ± 1.8 
SALLB6sp4 4.6 ± 1.0 0.1 ± 1.6 
SALLB6spS 4.2 ± 1.3 1.8 ± 2. 1 
SALLB6sp6 5.1 ± 1.0 0.5 ± 2.2 
SALLB6sp7 5.0 ± 1.1 .{l.1 ± 2.2 
BG82CLJb spl 5.4 ± 1.2 0.2 ± 2.0 
B14D spl 1.4 ± 0.9 0.9 ± 1.6 
B14D sp2 0.3 ± 1.0 0.3 ± 1.7 
3S10 spl 1.9 ± 1.3 1.1 ± 2.3 
BG82DH2 spl 4.9 ± 0.9 0.9 ± 1.7 
BG82DH2 sp2 4.4 ± 1.2 2.4 ± 2.1 
ALAI-2 spl -7.0 ± 1.1 1.9 ± 1.9 
ALAI-2 sp2 .{l.3 ± 1.0 0.1 ± 1.7 
ALAI-2 sp3 4.1 ± 1.0 2.3 ± 1.8 
ALAI-2 sp4 4.0 ± 1.0 0.8 ± 1.7 
BG82CLII spl 11.1 ± 1.1 2.2 ± 2.0 
BG82CLII sp2 7.2 ± 1.1 2.4 ± 2.1 
BG82CLII sp3 8.6 ± 1.0 0.3 ± 1.9 
BG82CLII sp4 8.4 ± 1.2 1.3 ± 2.0 
ADEL-l spl -3.3 ± 1.0 2.7 ± 1.8 
ADEL-l sp2 -1.0 ± 0.9 0.6 ± 3.0 
LEOI009 spl 1.7 ± 1.0 0.9 ± 1.7 
LEOI009 sp2 2.1 ± 1.0 1.8 ± 1.6 
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Table 4.2 
Mg ISOTOPIC COMPOSITIONS OF 

OTHER PHASES 

pyroxene 

SALLB6 pxl 1.9 ± 0.9 3.3 ± 1.7 
SALLB6 px2 0.1 ± 1.0 3.0 ± 1.8 
SALLB6px3 1.4 ± 2.4 '{).2 ± 4.0 
SALLB6 px4 5.2 ± 1.0 '{).3 ± 1.8 
SALLB6pxS 5.5 ± 1.2 -1.0 ± 2.0 
SALLB6px6 4.0 ± 1.3 2.8 ± 2.1 
BG82DHl pxl 2.1 ± 0.7 1.2 ± 1.1 
BG82DHl px2 3.9 ± 0.8 0.0 ± 1.4 
ALAl-2 pxl -0.7 ± 0.9 1.5 ± 1.6 
ALAl-2 px2 1.3 ± 0.9 -1.4 ± 1.6 
BG82CLll pxl 0.4 ± 0.9 3.2 ± 1.5 
BG82CLllpx2 1.8 ± 1.0 0.0 ± 1.7 
BG82CLllpx3 2.7 ± 0.9 -1.1 ± 1.6 

• Data from Hutcbeon (1982) 
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in Table 4.1. Most of the analyses show normal 25Mgf2' Mg. The exceptions are the 

plagioclase in PPX (FMg = 6-8 0/00). Although plagioclase ofBG82CHI also show small 

enrichment of the heavier isotopes, the errors lie within the uncertainties of analyses of 

plagioclase standards (see Fig. 4.1). In the Mg isotope analyses of four POls, pyroxenes 

of 5ALLB6 and BG82DH2 showed small enrichments of the heavier isotopes. All 

olivine analyses from nine POls show normal Mg isotopes. 

4.1.2. Mg isotope fractionation in spinel 

The Mg isotopic composition of spinel was analyzed in nine POls (Table 4.2). 

Spinel in six of the nine POls show fractionated Mg isotopes (Fig.4 .2). FM• values in 

these inclusions range from -7 to + 11 permil per atomic mass unit (%o/amu). In 

individual inclusions FMg value is either positive or negative but not both . F", values of 

spinel in 5ALLB6, BG82CUb, BG82DH2, and BG82CLII are positive, ranging from 3.7 

to ll.l %0. In ALAI-2 and ADEL-l, the spinels are enriched in the lighter isotopes 

(FMo = -I to -7 %0). Spinels in BI4D, 3510, and LEOlO09 show normal values of Mg. 

4.2. Summm'Y of Mg Isotope Fractjonation in POls 

The most striking feature of the isotopic data is the extent of Mg isotopic 

heterogeneity within and among the POls. Seven of the fourteen inclusions examined in 

this study exhibit variations in FMg among coexisting phases. (The POI, SA-I, studied 
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by Kennedy el al. (1991), also contains internal variations in F", but is excluded from 

the present discussion.) The predominant isotopic effect, present in seven POls, is a 

significant difference in F". between spinel and coexisting silicates (Fig.4.2). 

Differences in F", between silicate phases are found in three POls (Fig.4.1), two of 

which also contain isotopically heterogeneous spinel. In four POls spinel is enriched in 

the heavier Mg isotopes relative to silicates, whereas in two inclusions spinel is enriched 

in the lighter Mg isotopes. The total range in F"" -7 to + 11 %o/amu, is surprisingly 

large in view of the igneous textures of nearly all POls and is much larger than the 

variation in F". found in other (non-FUN) refractory inclusions. Within individual POI, 

F". in spinel is not constant but may vary by up to 7 %o/amu. Spinels containing 

isotopically fractionated Mg are found in all three petrographic groups of POls but, in 

general, the most pronounced isotopic heterogeneity is found in those inclusions that have 

abundant spinel. For example, BG82CLII, which contains the most spinel (25 %), also 

has the largest range in fractionation among its constituent phases, -1 < FMg < 11 

%o/amu. No correlation between FMo and spinel chemistry was observed. The evidence 

of Mg isotopic heterogeneity in silicate phases within POls resembles that in spinels but 

occurs much less frequently. Variations in FMg among coexisting pyroxenes occur in 2 

POls, both belonging to petrographic group 1, while only one inclusion (PPX, a group 

2 POI) contains plagioclase with a distinct F".. Despite the scarcity, the magnitude of 

the differences in F". among silicates is similar to that of differences between spinel and 

silicates. Fassaitic pyroxenes in 5ALLB6 exhibit both the largest Mg fractionation and 

the greatest range of F". among POI pyroxenes; F". in fassaite ranges from 0 to 5.5 . . 
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Fig.4.1 Mg isotopic fractionation plotted in permil for pyroxene, olivine and 
plagioclase from 13 POls. Olivine, pyroxene and most plagioclase appear to 
be unfractionated. The dotted lines are the 2u variation for normal plagioclase 
and the dashed lines for normal olivine and pyroxene. 
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Fig.4.2 Mg isotopic fractionation plotted in pennil for spinels of nine POls. Spinel 
in six of the nine POls are fractionated either heavy (BG82CLII, BG82CUb, 
BG82DH2, and 5ALLB6) or light (ALAI-2 and ADEL-I). The dashed lines 
indicate the 2u variation for normal spinel. 
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%olamu compared to a range of 3.7 to 6.4 %olamu in spinel. One feature that 

distinguishes the isotopic record of pyroxene from that of spinel in both 5ALLB6 and 

BG82DH2 is the presence of some isotopically normal pyroxenes (F"g=O) in both POls. 

All of the spinels in both inclusions , in contrast, have F"g > O. 

Isotopic fractionation effects in plagioclase are restricted to inclusion PPX. 

Plagioclase appears to be isotopically homogeneous with fractionation favoring the 

heavier Mg isotopes, F". = +7 %olamu. Spinel is rare and very small in this inclusion 

and we were unable to obtain isotopic measurements of spinel. Olivine in PPX has FMg 

= O. 

In sharp contrast to spinel and pyroxene, olivine in all of the POls contains 

isotopically normal Mg. The values of F"g cluster about zero, ranging from -1.5 to + 1 

%olam u. No significant variations in isotopic composition were found for interior olivine 

phenocrysts or for the more Fe-rich olivines located in the equigranular olivine clusters. 

4.3. Excess "Mg' 

Most POTs do not show evidence for radiogenic 26Mg'. Only two POls, 3510 and 

5ALLB6, show small but significant enrichments in 26Mg. The 26MgP4Mg ratios in 

plagioclases in these two inclusions are correlated with the respective 27 AlP4Mg ratios 

measured at the same point of analysis. Four of the six plagioclase analyses in 3510 

indicate clear 26Mg excesses (Fig.4.3). The linear correlation between the 26Mgf24Mg 

and 27 A IP'Mg ratios suggests the in siru decay of 26 AI. The best fit slope of the isochron 
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for 35 10 (Fig.4.3) and 5ALLB6 (Fig.4.4) corresponds to 26Mg"P7AI=6.1 x 10-6 and 

26Mg"j27 Al =2.6 x 10-6, respectively. In all the other POIs this ratio is less than 1 x 10-6 

(Fig.4.5). 
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Fig.4.3 Mg isotopes of POI 3510 showing excess 26Mg correlated with in-situ decay 
of 26Al. The best fit slope of the isochron corresponds to (!6AlF' AJ)o = 5.8 
+ 0.2 x 10"". 
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5ALLB6 
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Fig.4.4 Mg isotopes of POI 5ALLB6 suggesting excess 26Mg correlated with in-situ 
decay of 26 AI. The best fit slope of the isochron corresponds to f6 AlP Al)o 
= 2.2 ± 0.7 x 1O~. 



-o __ 0 

o -

89 
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Fig.4.S Mg isotopes of eight other POls (BG82DH2, PPx, V477, BG82CHl, ALAl-
2, BG82CLII, B14D, and ADEL-l) show no excess 26Mg. The f6AJP1 Al)o 
ratio is less than 1.0 x 10-6 in all these inclusions. 
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CHAPTER FIVE 

PHASE EQUILIBRIA STUDY 

Recently, Ca- and AI-rich objects that appear transitional between CAIs and 

ferromagnesian chondrules have been observed in carbonaceous (Sheng et aI., 1991a), 

ordinary (Nagahara and Kushiro, 1982; Bischoff and Keil , 1983) and enstatite (Bischoff 

et al., 1985) chondrites. The transitional Ca-Al-rich objects in chondrites can be 

classified based on the amount of plagioclase into two broad categories, Plagioclase­

Olivine Inclusions (POls) and CA chondrules (CACs) . Although there has been 

considerable experimental effort to characterize the phase relations and dynamic 

crystallization behavior of CATs (e.g. , Stolper, 1982; Stolper and Paque, 1986) and 

dynamic crystallization experiments to elucidate the textures of ferro magnesian 

chondrules (Blander et al., 1976; Planner and Keil, 1983; Lofgren and Russell, 1986), 

intermediate compositions relevant to these transitional objects have not been studied 

systematical! y. 

Studies of phase relations for ferro magnesian chondrules have used either 

qualitative interpretations based on simple subsystems, or used synthetic analog of 

chondrule compositions applicable only to specific chondrules. In contrast, Stolper 

(1982) developed a spinel-saturated liquidus phase diagram that is remarkably successful 

in describing the crystallization behavior of many groups of coarse-grained CAIs. There 
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are four key reasons why this projection scheme works so well. First, spinel is generally 

the liquidus phase in CAIs and, with the possible exception of very late stage liquids, 

there is no reaction relation between spinel and melt that could drive the liquid 

composition off the saturation surface. Second, the spinel is essentially pure MgAl,O. 

so there is no error in projection due to differences in composition between the phase 

crystallizing from the melt and the component (MgAI20.) from which the melt 

composition is projected. Third, bulk compositions of most CAIs and their crystalliza­

tion paths plot inside the ternary. In general, the crystallization behavior of bulk 

compositions that plot outside the ternary or under the saturation surface cannot be 

conveniently described using Stolper's projection for CAIs. Finally, the bulk 

compositions of CAIs are relatively simple, consisting mostly of CaO, MgO, Al20 3 and 

Si02 (CMAS). By projecting from one component, crystallization of spinel-saturated 

melts can be determined with the aid of a single ternary projection. 

Like CAIs, the chemistry of POls and CACs is relatively simple, consisting 

mainly of CMAS with lesser amounts of Na and Fe. Provided concentrations of Na and 

Fe are low enough, an approach similar to that of Stolper (1982) can be used to describe 

the crystallization behavior of POls and CACs. In Fig.l, bulk compositions of POls and 

CACs with < 4 wI. % Na20 and < 3 wI. % FeO are projected from spinel (Sp; MgAIP.) 

onto the plane defined by the compositions of gehlenite (Ge; Ca2Al2Si07), anorthite (An; 

CaA12Si20 s) and forsterite (Fo; Mg2Si04). Also shown are contours in weight percent 

of the spinel coordinate on the spinel saturation surface which describes the compositions 

of liquids that coexist with spinel and one or more additional solids. Bulk compositions 
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with spinel contents greater than that on the saturation surface and inside the ternary have 

spinel on the liquidus and the crystallization sequence can be readily determined using 

this figure (see Stolper, 1982, for a discussion). CAl compositions plot mostly in the 

Ge+Sp+ liquid (L) or An +Sp+ L fields (MacPherson et aI., 1988). However, only 

three of 44 POI and CAC bulk compositions plotted in Fig.l, are both inside the ternary 

and above the spinel saturation surface. The liquid line of descent for five others plotting 

inside the ternary, intersect the spinel saturation surface after crystallizing small amounts 

of olivine. For the vast majority of POls and CACs alternative projection schemes are 

needed in order to understand the phase relations of these inclusions. 

In this chapter, I report the results of equilibrium crystallization experiments on 

representative POI bulk compositions at one atmosphere total pressure. Integration of 

our results with available phase equilibrium data from the literature provides a 

fraJ11ework for the interpretation of mineral asseJ11blages observed in POls and some 

CACs. I have projected multiply saturated liquidus phase fields froJ11 spinel, forsterite 

and anorthite, respectively, onto relevant composition planes so that the crystallization 

behavior of POI and CAC compositions containing low amounts of Na20 «4 wt. %) and 

FeO «3 wt. %) can be evaluated. I will initially look at the inclusions that comply to 

the above criteria but later we will also examine those with higher Na and/or Fe. 

Phase assemblages predicted on the basis of phase equilibria are generally 

consistent with those observed in the J11eteoritic inclusions. POls experienced a brief 

high temperature melting event in which relict phases were sometimes preserved. In 

many cases, phases identified as possibly relict on the basis of phase equilibria are also 
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Fig.S.l Spinel saturated liquidus diagram constructed by Stolper (1982). Contours 
denote wt. % spinel component above or below the anorthite-forsterite­
gehlenite plane on the spinel saturation surface. Diamonds represent projected 
POI compositions (Sheng e{ al., 1991a) and circles represent selected CA 
chondrule compositions (Nagahara and Kushiro, 1982; Bischoff and Keil, 
1983; Bischoff ec aI., 1985). Filled symbols indicate compositions that are 
above the spinel-saturation surface while open symbols represent compositions 
that are below the spinel-saturation surface. An-anorthite, Co-corundum, 
Cpx-clinopyroxene, Fo-forsterite, Ge-gehlenite, Hib-hibonite, L-liquid, Mon­
monticellite, and Sp-spinel. 
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anomalous in their Mg isotopes (Sheng er al., 1991a). In many CACs with abundant 

glass, the absence of plagioclase that were predicted to crystallize probably reflect rapid 

cooling of these chondrules and nucleation difficulty of plagioclase. Preliminary work 

on this experimental study was reported by Sheng er al. (1991b). 

5.1. BULK COMPOSITIONS OF STARTING MATERIAL 

Experiments were performed on five FeO-free synthetic samples whose bulk 

compositions are listed in Table 5.1. POI-I and POI-2 correspond to compositions 

typical of spinel-rich POIs. Two Na-bearing starting mixes were made by adding 2 wt% 

(pOI-2Na2) and 5 wt% (POI-2Na5) Na20 to the Na-free composition POI-2. A few 

reconnaissance experiments were performed on the Na-bearing compositions to examine 

the effects of alkalis on phase boundaries in regions of interest for crystallization of 

POIs. POI-3 was chosen to verify the stable equilibrium assemblage and constrain the 

position of the spinel +anorthite+forsterite+cordierite+ liquid invariant point. 

Table 5.1 
Composition of statting matel"iat' 

NazO MgO AtzO, SiOz CaO TiO, SUM 

POI-l 15.50 34.76 40.18 9.12 0.51 100.07 

POI-2 12.88 32.53 41.14 12.61 1.01 100.17 

POI-2Na2 2.17 12.71 32.06 39.47 12.45 1.14 100.00+ 

POI-2Na5 5.03 12.43 31.27 38.14 11.92 1.21 100.00+ 

POI-3 22.52 21.11 51.41 4.96 1.05 101.05 
• WDS analysis on starting glass composition. 
+ Analyses were normalized to 100. 
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5.2 . EXPERIMENTAL RESULTS 

5.2.1. C"ystallization Experiments 

Results of isothermal crystallization experiments are tabulated in Table S.2 and 

summarized in Fig.S.2. For bulk composition POI-I , the equilibrium crystallization 

sequence is spinel (160S-1613 °C), followed by anorthite (1332-1343°C), and forsterite 

plus cordierite (-1 260°C). The appearance temperature of anorthite was reversed (891-

13) by holding the sample at 1332 °C for 12 hours to produce a phase assemblage of 

anorthite + spinel + liquid, raising the temperature to 1343°C, where it was held for 

21 hours and quenched. The anorthite, which had crystallized during the first part of the 

experiment, dissolved during the second part of the experiment, demonstrating that 

1343°C is above the appearance temperature of anorthite. The appearance of spinel + 

aluminous-enstatite (AI-enstatite), rather than cordierite + forsterite, in a 24 hour run at 

12S3 °C (88T-9) is also noted. Most of the observed assemblage consists of spinel + Al­

enstatite + anorthite with a small localized region in the run product containing spinel 

+ AI-enstatite + anorthite + cordierite. Another run (891-8) held at a subsolidus 

temperature of 1228 °C for 208 hours has a crystalline assemblage of sapphirine + Al­

enstatite + anorthite. Sapphirine appears as small micron sized euhedral prismatic 

crystals. When this assemblage is reheated at 12S3 °C and 1260°C, the run products re­

crystallize to form spinel + anorthite + forsterite + cordierite, suggesting that the 

sapphirine may have crystallized metastably. For POI-2, spinel is 



Run # TO(C) 

881-15 1613 
881-17 1605 
881·16 1596 
881-13 1527 
881-6 1490 
881-5 1462 
881-4 1420 
881-7 1391 
881-11 1354 
881-22· 1332/1343 
881-14 1332 
881-2 1318 
881-24 1311 
881-8 1300 
881-1 1271 
881-23 1262 
891-13 1228/1260 
881-9 1253 
891-9 1253 
881-10 1238 
891-8 1228 
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Table 5.2 
Exper imental Results 

Duration Starting 
(hrs) material 

POI-! 

2 gl 
2.7 gl 
3 gl 
3 gl 
4.2 gl 
5.8 gl 
11.8 gl 
14.5 gl 
18.5 gl 
12/20.8 gl+sp+an 
12 gl 
13 gl 
21 gl 
21 gl 
26.3 gl 
31 gl 

2081168 an + en+sap 
24 gl 

382 gl 
25.5 gl 

208 gl 

P hases present' 

gl 
gl,sp 
gl,sp 
gl,sp 
gl,sp 
gl,sp 
gl,sp 
gl,sp 
gl ,sp 
gl ,sp 
gl ,sp,an 
gl,sp,an 
gl ,sp,an 
gl ,sp,an 
gl,sp,an 
gl,sp,an 
gl ,sp,an,fo,cd 
an,sp,en,cd 
an,fo,en,cd,sap 
an,en,sap 
an,en,sap 
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POI-2 

881-15 1613 2 gl gl 
881-21 1552 3 gl gl 
881-19 1546 3 .3 gl gl,sp 
881-20 1542 3 gl gl,sp 
881-13 1527 3 gl gl,sp 
88Hi 1490 4.2 gl gl,sp 
881-5 1462 5 .8 gl gl ,sp 
881-4 1420 11.8 gl gl ,sp 
881-7 1391 14.5 gl gl ,sp 
891-10 135111381 23.519.3 gl+sp+an gl,sp,an 
881-18 1372 11.5 gl gl,sp,an 
881-11 1354 18.5 gl gl,sp,an 
881-14 1332 12 gl gl ,sp,an 
881-24 1311 21 gl gl ,sp,an 
881-8 1300 21 gl gl ,sp,an 
891-2 1260/1281 168123.5 gl+sp+an+fo gl ,sp ,an 
881-1 1271 26.3 gl gl ,sp ,an,fo 
891-13 1260 168 gl gl,sp ,an ,fo 
881-9 1253 24 gl gl ,sp,an ,fo 
881-10 1238 25.5 gl sp,an,fo 

POI-3 

891-1 1605 12 gl gl 
891-2 1451 12 gl gl 
891-18 1351 24.5 gl gl,sp,fo 
891-17 1281 22 gl gl,sp,fo,cd,en 
891-27 1277 33.5 gl gl,sp,fo,cd ,en 
891-19 1269 21 gl gl,sp,fo,cd ,en 
891-14 1260 24 gl gl,sp,en,sap 
891-28 1250/1261 109148.5 gl+an+fo+cd+en gl,an,fo,cd,en 
891-28 1250 109 gl gl,an,fo,cd ,en 
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POI-2Na2 

881-15 1613 2 gl gl 
911-1 1553/1450 3/0.5 gl+sp gl 
89Hi 1550 1.3 gl gl,sp 
891-5 1542 3 gl gl,sp 
891-4 1498 2.7 gl gl,sp 
891-22 1343 20.8 gl gl,sp 
891-24 1311 21 gl gl ,sp 
891-11 1288/1300 12.8/12.5 gl gl,sp,pl 
891-11 1288 12.5 gl gl,sp,pl 
891-2 1281 23.5 gl gl,sp,pl,fo 
891-3 1233 35.3 gl gl ,sp,pl,fo 
891-7 1206 39.3 gl gl ,sp,pl ,fo 
901-1c 1250/1237 26.5/18.5 gl+sp+fo gl,sp 
901-1b 1237/1222 18.5119.8 gl+sp+fo gl ,sp,fo 
901-1 a 1222/1206 19.8/9 gl+sp+fo gl,sp,fo 

POI-2Na5 

881-15 1613 2 gl gl 
911-1 1553/1450 3/0.5 gl+sp gl 
891-6 1550 1.3 gl gl,sp 
891-5 1542 3 gl gl,sp 
891-4 1498 2.7 gl gl ,sp 
881-24 1311 21 gl gl,sp 
901-1 1250/1237 26.5/18.5 gl+sp+fo gl,sp 
901-1 1237/1222 18.5119.8 gl+sp+fo gl,sp,fo 
901-1 1222/1206 19.8/9 gl+sp+fo gl ,sp,fo 
891-3 1233 35.3 gl gl,sp 
891-7 1206 39.3 gl gl ,sp ,fo 

POI-lC 

cooling rate = lOO°C/hr 

POI-ICl 1290 gl gl ,sp 
1200 gl gl,sp,an,en 

cooling rate = 20°C/hr 

POI-IC2 1195 gl gl,sp 

t 

1090 gl gl,sp 
1042 gl gl,sp,an,en 

This entries for temperature and run time indicate that the experiment 
was beld at the final temperature (1332 °C) for 12 bours and at the 
initial temperature (1343°C) for 20.8 bours. The "starting material" 
entry refers to the phase assemblage present at the end of the first 
leg of the experiment. 
gl = glass; an = anorthite; cd = cordierite; en = enstatite; 
fo = forsterite; pi = plagioclase; sap = sappbirine; sp = spineL 
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T('C) Experimentally Determined Crystallization Sequences 

1900 

1800 

1700 POI-1 POI-2 POI-2Na2 POI-2Na5 POI-3 

1600 

1500 

1400 

1300 

1200 

1100 

1000 
sp An Fa Cd SpAn Fa sp An Fa Sp Fa Sp Fa Cd An 

Fig.5.2 Summary of experimental runs on the 5 different starting compositions. Each 
bar represents the appearance temperature of a corresponding phase. Cd­
cordierite and PI-plagioclase. Other abbreviations as in Fig. L 
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also the liquidus phase (1546-1552 0c) followed by anorthite (1381-1391 0c) and forsterite 

(l271-1281°C), the latter representing a reversaL For both POI-l and POI-2, most of 

the liquid is exhausted by the time the third phase crystallizes from the liquid. The 

crystallization sequence for POI-3 is spinel (1351-1451 0c) followed by forsterite (1351-

1451 0c), cordierite (1285-1301 DC) and anorthite (l261-1269°C). Although AI-enstatite 

is present in all experiments below 13000C, it is invariably found as corroded grains 

enclosed within cordierite. This suggests that AI-enstatite possibly crystallized as a 

metastable phase in these experimental runs. 

Calculated modes, based on mass balance of the experimental results for 

composition POI-2, are shown in Fig.5.3. As temperature is decreased from the 

liquidus, the amount of spinel coexisting with the liquid progressively increases until 

about 1350°C, where anorthite begins to crystallize. A marked decrease in modal spinel 

occurs when the third phase, forsterite, crystallized. This feature is also true for 

composition POI-l and indicates spinel falls into a reaction relation with the liquid along 

part of the boundary curve for spinel + anorthite + forsterite + liquid. 

A few reconnaissance experiments were performed to evaluate the effect of Na,O 

on the phase equilibria for early crystallizing phases. Results are summarized in Fig.5.2. 

The crystallization sequence for POI-2Na2 is spinel (1550-1553°C), followed by 

plagioclase (An 8s) (1300-1311 0c) and forsterite (1281-1288°C). Spinel is also the 

liquidus phase for composition POJ-2Na5 (1550-1553°C) with forsterite second (1237-

1250°C). Plagioclase was not observed in any POJ-2Na5 experimental charges even for 

temperatures as low as 1206°C. The crystallization sequence for composition POJ-3 is 
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spinel (1351-1451 0C), followed by forsterite and cordierite (1281-1351 0c) and anorthite 

(1261-1269°C). This sequence indicates that there is a stability field for cordierite + 

spinel + liquid and that enstatite + spinel + liquid is not a stable assemblage. 

Representative analyses of phases from run products are presented in Table 5.3. 

The anorthite analyses always contain small amounts of MgO (0.5-2 %), probably due to 

contamination of the very small (a few microns wide) grains by surrounding crystals or 

glass. In the experiments with the Na-bearing composition, plagioclase contains 0.7-

1.7% Na10. This is similar to the plagioclase composition from the experimental data 

of Pan and Longhi (1989) in the Na,o-CaO-MgO-AI,o)-SiOl system, simulating 

compositions of alkaline basic lavas. The data are also comparable to the experimentally 

determined crystal-liquid partition coefficients between olivine and plagioclase in a 

tholeitic basalt magma (Yurimoto and Sueno, 1984). Experimentally determined Dc.ool,L 

are similar to predicted concentrations based on experimentally determined olivine-liquid 

partition coefficients (Watson, 1979; Jurewicz and Watson, 1988). Synthetic enstatites 

have composi tions along the binary Mg2Si206-MgA12Si06 and are characterized by high 

AI20) (12-14 %) contents similar to those observed in AI-enstatites of natural POls (Sheng 

el al. ,199Ia). Cordierite compositions are essentially stoichiometric Mg2AI4SisO'8 and 

spinel is stoichiometric MgA120 4. Sapphirine produced from my experiments is similar 

in composition to that observed in natural POls (Sheng el at., 1991a) but distinctly Mg-, 

Si-rich and AI-poor relative to terrestrial sapphirines. As shown in Fig.S.4, terrestrial 

sapphirine compositions (Deer er ai., 1978; Higgins el aI., 1979) can be well described 

by a solid solution series between Mg,AI'6Si40,o (2:2: I) and Mg7AI,sSi)04o (7:9:3) 
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Calculated Modes for ExperiInentsop POI-2 

0-0 glass 
e-e spinel 
t::.-t::. anorthite 

1550U A-A forsterite j) 

~ ° 
1450 e\ /0 

~ ____ 0 
1350 Lp. ----....,.:-.t::....... ........0 

e t::................ _____ 0 
1 ,,><; 

.~~A~~~~~~O~~t::.~~~~&--r ____ ~ 1~0~ _ ~ 

0.0 0.2 0.4 0.6 O.B 1.0 

Weight Fraction 

Fig.5.3 Calculated modes for runs on composition POI-2. A significant decrease in 
spinel occurs when anorthite and forsterite appears in the assemblage. This 
suggests that spinel is in reaction relation with the liquid on part of the 
Sp+An+Fo+L boundary curve and possibly in a region on the Sp+An+L 
surface. 
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Table 5.3 

Representative analyses of experimental phases 

Run # Phase Na,O MgO Al,O, SiO, CaO TiO, Total 
POI-l 

881-15 gl" 15.5 34.8 40.2 9.1 0.5 100.1 
881-16 gl 16.7 36.4 39 .2 7.3 0.4 100.1 
88Hi gl" 14.7 31.8 42.6 10.3 0.6 100.0 
881-5 gl 14.0 30.1 44.8 10.3 0.8 100.0 
881-5 sp 27.1 72.8 0.0 0.1 0.0 100.0 
881-4 gl 14.0 28.4 46.5 10.6 0.5 100.0 
881-4 sp 27.3 72.3 0.2 0.2 0.1 100.1 
881-7 gl" 13 .6 27.9 46.7 11.2 0.6 100.0 
881-7 sp 27.2 72.3 0 .0 0.3 0.0 99.8 
881-11 gl 12.8 25.8 49 .3 11.4 0.7 100.0 
881-14 gl 13 .8 24.9 50.0 10.5 0.8 100.0 
881-2 gl 15.0 22.9 51.9 9.5 0.8 100.0 
881-2 sp 27.6 71.7 0.3 0.2 0.2 100.0 
881-2 an 0.5 35.3 45.0 19.3 0.0 100.1 
881-8 gl 14.6 24.3 50.4 10.1 0.6 100.0 
881-8 sp 27.3 71.7 0.7 0.2 0.2 100.1 
881-1 gl 15.6 23.3 51.0 9.5 0.7 100.1 
881-1 sp 27.6 72.3 0.0 0.1 0.0 100.0 
881-1 an 1.3 35.8 43.7 19.3 0.0 100.1 
891-9 sap 20.6 50.6 28.1 0.3 0.4 100.0 
891-9 cd 13.5 35.2 51.0 0.3 0.0 100.0 
891-9 en 29.2 17.8 51.7 0.9 0.5 100.1 
891-9 an 0.9 35.4 45.6 18.1 0.0 100.0 
881-9 sap 24.4 50.0 24.8 0.3 0.6 100.1 
881-9 cd 13 .9 33.2 52.7 0.1 0.1 100.0 
881-9 en 34.4 12.0 52.8 0.5 0.3 100.0 
881-9 an 0.6 35.3 45.1 19 .1 0.0 100.1 
881-9 sp 27.4 70.5 1.9 0.0 0.3 100.1 
881-9 fo 56.5 0.7 42.8 0.1 0.1 100.1 
881-10 sap 23.7 54.3 19.0 2.5 0.6 100.1 
891-8 en 33 .2 13.9 51.5 0.7 0.8 100.1 
891-8 sail 23 .0 51.6 23 .1 1.5 0.9 100.1 

POI-2 

881-15 gl· 12.9 32.5 41.1 12.6 1.0 100.2 
88Hi gl 12.7 32.2 41.5 12.5 1.3 100.2 
88Hi sp 26.9 72.9 0.0 0.2 0.0 100.0 
881-5 gl 12.3 31.0 43 .0 12.6 1.1 100.0 
881-5 sp 27.1 72.7 0 .0 0.2 0.0 100.0 
881-4 gl 7.5 35.6 43.2 12.7 1.1 100.1 
881-7 gl 11 .5 28.5 45.4 13 .6 1.2 100.2 
891-10 gl 11.1 27. 1 46.3 14.3 1.2 100.0 
881-18 gl 12.8 27.0 47.5 11.5 1.2 100.0 
881-14 gl 14.3 23.5 48 .5 12.3 1.4 100.0 
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881-8 gl 15.0 23.0 47.8 12.3 1.8 99.9 
881-8 sp 27.2 72.5 0.2 0.2 0.0 100.1 
881-8 an 0.6 36.1 43.5 19.7 0.0 99.9 
881-1 gl 15.8 21.9 49.1 10.9 2.3 100.0 
881-1 sp 27.6 71.5 0.6 0.2 0.2 100.1 
881-9 gl 15.2 21.4 51.5 8.2 3.8 100.1 
881-9 sp 27.1 71.8 0.5 0.3 0.3 100.0 
881-9 fo 55.4 0.8 43.5 0.3 0.0 100.0 
881-9 an 2.1 33.9 44.1 19.9 0.0 100.0 

POI-3 

891-1 gr 22.5 21.1 51.4 5.0 1.1 101.1 
891-2 gl 22.2 21.4 50.4 4.9 1.0 99.8 
891-17 gl 15.9 21.7 52.2 8.3 1.7 99.8 
891-17 cd 14.0 34.2 51.1 0.0 0.2 99.5 
891-27 gl 16.1 22.0 51.6 8.3 1.8 99.8 
891-27 fo 56.1 0.3 42.9 0.3 0.3 99.9 
891-19 gl 15.9 22.0 52.3 8.0 1.6 99.7 
891-14 en 33.5 14.6 51.1 0.4 0.4 100.0 
891-14 sE 27.2 71.9 0.7 0 0.2 100.0 

POI-2Na2 

881-15 gJ" 2.2 12.7 32.1 39.5 12.5 1.1 100.0 
891-6 sp 27.0 72.3 0.0 0.2 0.2 99.6 
891-6 gl 2.2 12.8 31.6 39.9 12.3 1.2 100.0 
891-5 gl 1.9 12.9 31.8 40.1 12.4 1.0 100.0 
891-4 gl 1.8 12.3 30.5 41.3 13.1 1.1 100.1 
881-22 gl 2.5 11.2 26.4 46.6 12.4 1.0 100.0 
881-22 sp 27.3 72.3 0.0 0.1 0.0 99.7 
881-24 gl 3.0 11.4 23.3 46.8 14.2 1.3 100.0 
891-11 gl 2.2 12.2 22.8 47.7 13.9 1.2 100.0 
891-11 pi 0.7 1.4 33.8 44.7 19.0 0.4 100.0 
891-2 gl 3.5 11.8 22.0 47.3 13.5 1.9 100.0 
891-2 fo 55.5 2.2 41.4 0.3 0.0 99.3 
891-2 pi 1.5 2.9 31.7 46.6 16.7 0.6 100.0 
891-3 pi 1.7 0.3 33.7 46.9 17.2 0.2 100.0 
891-3 gl 5.0 8.7 22.3 46.7 13 .5 3.8 100.0 
891-3 fo 55.9 0.0 42.5 0.6 0.0 99.0 
891-7 EI 1.6 2.0 33.0 45.0 17.7 0.9 100.0 

POI-2NaS 

881-15 gr S.O 12.4 31.3 38.1 11.9 1.2 100.0 
891-6 gl 3.6 12.2 30.9 40.0 12.3 1.0 100.0 
891-5 gl 2.8 12.4 30.9 40.2 12.7 0.9 100.0 
891-4 gl 4.3 12.5 29.9 42.0 10.4 0.8 100.0 
881-24 gl 4.4 9.7 24.3 42.2 14.4 1.0 91.6 
891-3 gl 5.7 9.3 22.9 46.5 14.4 1.1 100.0 

POI-IC 

CI-1290 gl 12.2 24.6 50.8 11.8 0.8 100.2 
C1-1220 gl 11.9 22.8 52.8 12.0 0.6 100.0 
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CI-lloo sp 27.3 71.5 0.6 0.2 0.2 99.8 
CI-lloo an 1.2 32.5 47.4 18 .7 0.0 99.8 
CI-llOO en 32.9 11.6 53 .6 1.4 0.5 100.0 
C2-1195 gl 11.7 22.5 53 .3 12.0 0 .5 100.0 
C2-1090 gl 11.1 21.2 54.7 12.2 0.8 100.0 
C2-1090 sp 27 .6 72.0 0.3 0.1 0.0 100.0 
C2-1042 gl 6.1 13.4 70.8 3.5 6.3 100.0 

• WDS analysis. All others EDS analysis. 
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Fig.5.4 Compositions of sapphirine from natural POls (filled circles; Sheng et al., 
1991a), from sapphirine in our experimental charges (open circles; this study), 
and terrestrial sapphirine (triangles) from the compiled data of Deer et a1. 
(1978) and Higgins et a1. (1979). Filled squares represent hypothetical 
sapphirine compositions where 2·2·1 denotes 2MgO ·2A120 3 ·Si02• It is 
apparent that natural POI sapphirines and those produced in our experiments 
are Mg-, Si-rich and AI-poor with respect to terrestrial sapphirines. Minor 
amount of other oxide components in sapphirine were subtracted from the 
sapphirine composition in the projection. 
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involving a coupled substitution of Mg and Si for AI. Sapphirine in our experiments and 

in POI have compositions between the 2:2: 1 end-member and Mg9Al'4Sis04o (9:7:5). 

The differences between POI and terrestrial sapphirines probably reflect the conditions 

of their formation (igneous Imetamorphic) as well as the bulk composition of their 

parental melt/rock. 

5.2.2. Cooling Rate Experiments 

In two controlled cooling rate experiments with composition POI-I, experimental 

charges were held at 1425°C within the spinel+liquid field for three hours and then 

cooled at rates of 20°C/hr and 100 ° C/hr, respectively. In both cases, the order of 

crystallization is spinel, followed by anorthite and Al-enstatite. It is noted that Al­

enstatite is in sharp contact with the spinel with no textural evidence of a reaction 

relationship between them. The chemistry of phases produced in these cooling rate 

experiments (Table 5.3) IS similar to that of phases crystallized in the isothermal 

experiments. 

From my isothermal crystallization experiments, it appears that forsterite + 

cordierite is stable at low pressures relative to spinel + enstatite , a conclusion also 

reached by Schreyer and Schairer (1961), based on experiments on the system MgO­

AI,OrSiO,. However, my experiments also clearly show that the metastable phase 

assemblage, spinel + Al-enstatite, is readily produced from glassy starting materials in 

the CaO-MgO-AI,03-SiO,-TiO, (CMAST) system. This feature should be kept in mind 
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when the results of phase equilibria are applied to meteoritic inclusions. 

5.3. CONSTRUCTION OF PHASE DIAGRAMS 

Methods for manipulating composition coordinates in n-dimensional comosition 

space have been reviewed by Spear et al. (1982) . The first step in constructing a phase 

diagram for the compositions of interest is to choose a compositional space that will best 

represent available phase equilibrium data graphically. Once the end members 

(coordinates) are decided, old coordinates (generally simple oxides) are transformed into 

new coordinates (composition of a mineral phase). The transformation of coordinate axes 

is performed by computing the elements of a composition vector in terms of anyone of 

several different sets of components that might be chosen. For example, the phases of 

interest for compositions relevant to POls are spinel, forsterite, anorthite, enstatite and 

diopside. Since these phases occupy only a small volume of the CMAS tetrahedron it 

would be more convenient to use just the relevant volume to represent POls. One choice 

of components is the Sp-An-Fo-tridymite (Tr) volume. The relation of this subset to the 

CMAS tetrahedron is illustrated in Fig.5.5. 

The first calculation involves mapping from one coordinate set into another. In 

the above case the old components are moles of the oxides CaO-MgO-A!203-Si02, and 

the new components are the end members spinel (MgAI20 4), anorthite (CaAl2Si,os), 

forsterite (Mg2Si04) and tridyrnite (SiO,). This may be done by simultaneous solution 

of the four mass balance equations for each oxide: 
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nCao 
An 

nCao 

nMgO 
2 Fo = nMgO 

Sp 
+ nMgO 

An Sp 
nAt.,o, = nAI,O, + nAI,O, 

An Fo Tr n
Si02 

= 2nSiO + nSi0 1 
+ nSiOz , 

where n is the number of moles of an oxide or a component. A general solution to the 

system of equations A· X = Y can be obtained by inversion of the coefficient matrix 

A and post-multiplication by the vector Y. Thus A"ly = X. The set of equations thus 

can be written as: 

1 o 0 0 nAn nCao 

0 2 1 0 nFo 
nMgO 

= 
1 0 1 0 nsp nAI,O, 

2 1 0 1 nTr n
Si02 

where nAn, nFo, nsp and nT, are the number of moles of the end-member components. 

Solution of the set of equations gives 

nAn = nCao 
nFo = (nCao + nMgO - nAl,o,) I 2 

nsp nAI,O, - nCao 

nTr = (nAt.,O, - Sncao - n MgO + 2nSiO,) I 2 

Hence the coordinates calculated for the projections used in this study are as follows: 

1. Projection of phases from spinel onto the plane Fo-An-Tr, 
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Fig .5.5 Schematic drawing illustrating the three projection schemes used in this study. 
The projected phase is denoted in brackets and the plane of projection is 
shaded. En-enstatite, Di-diopside. Othr abbreviations given in previous 
figure captions. 
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An = 278.21 (nCa~ 
Fo = 140.69 (nCao + nMgO - n,41,o,) I 2 

Sp 142.27 (n AI,O, - nCa~ 

Tr = 60.09 (nAI,O, - 5nCaO - nMgO + 2nSiO) I 2 

2. Projection of phases from forsterite onto the plane Di-Sp-Tr, 

Di = 216.55 (nCa~ 

Fo = 140.69 (nMgO - nCaO - nAl,o,) I 2 

Sp 142.27 (n AI,O,) 

Tr = 60.09 (nAI,O, - 3nCaO - nMgO + 2nSiO,) I 2 

3. Projection of phases from anorthite onto the plane Di-Sp-Tr, 

An = 278.21 (nCao - nMgO + nAl,o) 

Di = 216.55 (nCao + nMgO - nAl,o,) I 2 

Sp = 142.27 (nMgO + nAI,O, - nCa~ I 2 

Tr = 60.09 (nSiO, - 2nCa~ 

Oxides are in mole percent. Tetrahedral coordinates are calculated by dividing each 

coordinate by the sum of the four coordinates. Triangular coordinates are calculated by 

dividing each coordinate by the sum of the three coordinates. The three coordinates 

constitute the plane projected from the fourth phase (i.e., the liquidus phase). 

5.4. PHASE DIAGRAMS FOR DETERMINING CRYSTALLIZATION 

SEQUENCES 
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My experimental data can be used in conjunction with available data from the 

literature to generate a database useful for interpreting phase relations for POI and CACs 

compositions. In the following section, phase diagrams for CMAS appropriate for 

depicting the crystallization sequences and phase relations of POls and related objects are 

constructed. Relevant experimental data from Na- and Fe-bearing systems are then used 

to assess the effects of these components on the phase boundaries. I confine my 

applications to meteoritic inclusions for which the CMAS based phase diagrams are likely 

to constrain the igneous processes. 

The Stolper projection depicted ill Fig.5 .1, together with three additional 

projections described below, are sufficient to predict the phase relations for most POls 

and some CA chondrules. The data points in Figs. 5.6-5.8 represented by the open 

circles are from the literature, while filled circles in the figures are from this study 

(Table 5.4). Most of the data points are analyzed liquid compositions. Phase boundaries, 

isotherms, and constant spinel contours were drawn freehand through the scatter of liquid 

compositions on and near surfaces or boundaries. Berman's (1983) model for silicate 

melts was used to extrapolate contours into regions where no experimental data were 

available. Deviations between calculated and experimentally observed equilibrium 

temperatures for phase appearances average ±33°C (10) for the liquidus phase spinel, 

±24°C for forsterite, and ±40°C for anorthite. The errors of the calculated components 

on respective surfaces are ± 3 wt. % . Sources of data used to construct the phase 

diagrams were from this study and from Bowen (1914), Andersen (1915), Rankin and 

Merwin (1918), Keith and Schairer (1952), Osborn and Tait (1952) , Osborn et al. 
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Table 5.4 

Data Used in Constructing Phase Diagram 

# assemblage T(C) Na20 MgO AI203 Si02 CaO Ti02 SUM 

Al an,sp 1444 8.02 31 .52 43.13 17.34 l00.D1 

/>02 an,sp,fo 1320 16.90 22.36 48.45 12.30 100.01 

A3 an,tr 1350 0.00 18.69 71.03 10.28 100.00 

A4 an,fo,pr 1260 14.61 20.16 54.15 11.09 100.01 

A5 an,tr,pr 1222 9.45 18.51 61 .86 10.18 100.00 

A6 Io,pr 1557 39.14 0.00 60.86 0.00 100.00 

A7 fo,s 1446 26.36 19.79 42.97 10.88 100.00 

61 Io,di 1387 23.25 0.00 53.96 22.79 100.00 

bl sp,lo 1245 3.28 25.59 16.18 52.98 1.98 l00.D1 

b2 sp,fo 1245 3.05 25.09 15.03 53.15 3.68 100.00 

b3 sp,fo 1245 3.61 22.72 17.84 52.56 3.27 100.00 

b4 sp,fo,an 1251 3.37 22.64 16.63 52.27 5.08 100.00 

b5 sp,lo,an 1250 2.00 24.29 19.76 49.16 4.78 100.00 

b6 sp,fo 1234 4.71 22.95 15.48 54.73 2.13 100.00 

b7 sp,fo 1246 4.08 25.22 13.43 55.41 1.85 100.00 

Cl an,tr 1368 0.00 18.70 71 .02 10.28 100.00 

01 an,sp 1448 5.99 36.53 40.14 17.34 100.00 

02 an,sp 1448 6.40 34.30 40.43 18.87 100.00 

D3 sp,fo 1553 30.93 18.99 41.21 8.87 100.00 

04 sp,fo 1544 29.64 19.06 40.82 10.48 100.00 

05 sp,an 1447 7.44 32.98 41 .44 18.14 100.00 

06 sp,an,cd 1430 4.70 38.69 39.07 17.54 100.00 

07 an,cd 1513 2.07 39.21 40.04 18.69 100.01 

GRl an,tr,mu 5.00 21.80 67.30 5.70 99.80 

GR2 sp,an,cd 5.00 35.00 42.00 18.00 100.00 

Gtl an,cd,mu 1550 0.00 37.00 47.50 15.50 100.00 

Gt2 an,mu,tr <1400 0.00 20.00 58.00 10.00 88.00 

KSl sp,co 1455 18.00 33.00 49.00 0.00 100.00 

KS2 sp,mu,sa 1482 16.90 36.80 46.30 0.00 100.00 

KS3 sp,ss,co 1453 17.40 33.50 49.10 0.00 100.00 

LOl sp,fo 1358 18.50 21 .80 47.00 12.00 99.30 

L02 sp,fo 1341 17.80 22.00 48.00 12.30 100.10 

L03 sp,fo 1326 16.60 22.00 48.20 12.20 99.00 

L04 sp,fo 1318 15.50 20.80 47.00 16.40 99.70 

L05 sp,fo 1316 15.60 21.50 47.00 16.00 100.10 

L06 sp,fo 1313 15.60 21.80 47.80 14.60 99.80 

L07 fO,an,sp 1312 15.30 21.40 47.10 16.60 100.40 

L08 fo,an,sp 1303 15.90 22.30 49.20 12.70 100.10 
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Table 5.4 
Data Used in Constructing Phase Diagram 

# assemblage T(C) Na20 MgO AI203 Si02 CaO Ti02 SUM 

Log 

UO 
U1 

U2 
U3 
L14 

L15 

U6 
U7 

U8 
U9 

L20 

L21 

L22 

L23 

L24 
L25 
L26 
L27 
L28 
l29 
L30 

L31 

L32 

l33 

L34 

L35 
L36 
L37 

L38 
L39 

L40 

L41 

L42 

L43 

L44 

L45 

L46 

fO,an,sp 

fO,di,an 

fO,di,an 

fO,di,an 

fO,di,an 

fO,di,an 

to,an 

fO,an 

fO,an 

fO,an 

fO,an 

fO,an 

fO,an,pr 

fO,an,oe 

fO,an,pr,oe 

an,pr 

an,pr 

an,pr 

an,pr 

an,pr,oe 
an,oe,di 

fO,an,pr 

fO,an,di,oe 

an,tr,di 

an,tr,di 

an,tr,di 

an,tr 

an,tr 

an,tr,pr 

an,tr,pr 

an,tr,pr,oe 

an,tr,oe 

an,tr,oe,di 

an,tr,di 

an,tr 

an,tr 

an,tr,di 

fo,pr 

1320 

1270 

1270 

1263 

1254 

1243 

1311 

1309 

1290 

1269 

1254 

1265 

1254 

1243 

1243 

1265 

1254 

1243 

1230 

1226 

1226 

1263 

1240 

1215 

1211 

1195 

1234 

1216 

1229 

1215 

1211 

1211 

1195 

1200 

1223 

1215 

1211 

1371 

15.SO 

13.40 

13.60 

13.40 

13.20 

12.SO 

15.60 

15.20 

15.60 

14.30 

13.00 

13.80 

12.70 

12.40 

12.50 

13.00 

12.40 

12.40 

9.SO 

9.80 

10.20 

14.00 

12.SO 

8.10 

4.80 

3.30 

8.80 

7.10 

9.40 

9.00 

8.SO 

8.60 

8 .30 

3.80 

6.70 

4.10 

5.10 

20.40 

21 .80 

15.70 

15.60 

15.60 

16.20 

15.40 

21 .60 

20.90 

21 .60 

20.10 

17.20 

19.60 

17.20 

15.80 

16.30 

19.00 

17.60 

16.40 

17.70 

15.40 

15.40 

19.00 

15.SO 

14.20 

14.50 

13.70 

17.60 

14.40 

18.00 

16.40 

15.10 

15.30 

14.SO 

14.30 

15.60 

13.SO 

14.30 

14.20 

48.00 

49.40 

SO.3O 

50.40 

52.80 

53.50 

48.40 

46.80 

51.10 

53.70 

55.10 

53.70 

55.60 

54.40 

53.70 

56.40 

56.90 

55.20 

62.00 

58.80 

59.10 

54.90 

55.50 

62.SO 

62.40 

61.50 

63.20 

61.30 

63.00 

62.90 

62.70 

62.80 

60.20 

61 .80 

63.40 

63.30 

60.80 

56.10 

15.20 

21.60 

20.30 

19.50 

17.40 

16.00 

14.60 

17.30 

11.60 

11.40 

14.70 

11.10 

13.SO 

15.10 

14.60 

11.10 

12.80 

14.30 

10.00 

14.60 

15.20 

11.60 

16.40 

13.60 

18.00 

19.90 

9.30 

14.70 

9. SO 

12.30 

13.00 

13.30 

13.30 

19.50 

14.20 

17.60 

16.20 

8 .30 

100.50 

100.10 

99.80 

98.90 

99.60 

97.40 

100.20 

100.20 

99.90 

99.SO 

100.00 

98.20 

99.00 

97.70 

97.10 

99.50 

99.70 

98.30 

99.20 

98.60 

99.90 

99.SO 

99.90 

98.40 

99.70 

98.40 

98.90 

97.50 

99.90 

100.60 

99.30 

100.00 

96.30 

99.40 

99.90 

98.SO 

96.40 

99.00 
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Table 5.4 

Data Used in Constructing Phase Diagram 

# assemblage T(C) Na20 MgO A1203 Si02 CaO Ti02 SUM 

L47 fo,pr 1371 20.70 8.10 57.00 13.70 99.50 

L48 fo,pr 1330 18.00 15.90 55.60 9.70 99.20 

L49 fo,pr 1330 17.50 10.20 57.30 15.20 100.20 

LSO fo,pr 1291 16.00 17.60 55.20 10.80 99.60 

LSl to,pr 1267 13.80 15.70 55.90 14.50 99.90 

LS2 fo,pr,oe 1267 13.40 14.90 55.60 15.90 99.80 

l53 fo,pr,oe 1254 13.00 16.10 55.30 15.30 99.70 

L54 fo,oe 1353 20.30 6.80 57.60 15.90 100.60 

l55 fo,oe 1330 17.60 9.40 56.40 16.00 99.30 

156 to,oe 1318 17.10 9.00 56.40 17.00 99.50 

157 fo,oe 1312 16.40 10.10 56.40 17.40 100.30 

158 fo,oe 1291 15.80 12.00 56.90 16.60 101.30 

l59 fo.oe.pi 1330 18.00 8.60 56.80 16.80 100.20 

L60 fo,pi 1353 20.70 5.40 57.60 17.40 101 .10 

L61 fo,pi 1353 21 .00 4 .40 57.50 17.60 100.50 

L62 fo,pi 1335 18.80 7.70 56.10 16.80 99.40 

L63 fo,pi,di 1335 18.50 6.60 57.10 17.80 100.00 

164 fo,pi,di 1321 18.60 7.10 56.60 17.40 99.70 

L65 fo,pl,di 1319 17.90 8.20 56.80 17.60 100.50 

l66 fO,oe,di 1322 17.50 8.60 57.10 17.60 100.80 

L67 fO,oe,di 1318 17.50 8.50 56.80 17.20 100.00 

L68 fO,oe,di 1313 17.00 9.10 56.00 17.60 99.70 

L69 fO,oe,di 1305 17.00 9.60 57.70 17.40 101 .70 

L70 fO,oe,eIi 1305 16.70 9.60 56.90 17.50 100.70 

L71 fO,oe,di 1291 15.80 11 .20 56.60 17.30 100.90 

L72 fO,oe,di 1287 15.30 11 .80 56.50 17.10 100.70 

L73 fO,oe,di 12n 14.70 12.60 55.60 16.40 99.30 

L74 fO,oe,di 1267 13.80 13.20 55.60 16.90 99.50 

L75 fO,oe,di 1254 13.00 15.20 55.60 16.00 99.60 

L76 fo,pi,oe,di 1320 17.30 8.80 56.40 17.60 100.10 

Ln fO,an,di 1275 13.40 15.70 49.60 21 .50 100.20 

L78 fO,an,pr 1263 14.60 19.90 54.30 11 .20 100.00 

L79 fO,an,di,oe 1240 12.40 15.20 55.40 17.00 100.00 

LBl oe,pr,fo 1445 27.47 0.00 59.81 12.72 100.00 

L.a2 oe,pi,to 1410 24.53 0.00 59.75 15.72 100.00 

LB3 pi,di,fo 1385 23.21 0.00 58.82 17.87 99.90 

001 an,co,sp 1315 14.00 25.00 52.00 9.00 100.00 

002 an,sp 1349 10.00 25.00 43.00 22.00 100.00 
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Table 5.4 
Data Used in Constructing Phase Diagram 

# assemblage T(C) Na20 MgO AI203 Si02 CaO Ti02 SUM 

003 an,sp 

004 Sp,CO 

005 sp,mu 

006 fo,sp 

007 sp,an 

008 sp,co,mu 

009 fo,sp 

010 fo,sp 

011 sp,an 

012 sp,an 

013 fo,sp 

014 fo,sp 

015 fO,sp,an 

016 sp,co,mu 

017 sp,co 

018 sp,co 

019 an,sp,mu 

020 an,di 

021 an,sp,co 

022 an,co 

023 an,sp 

OGl fo,sp 

0G2 an,sp,fo 

OG3 an,pr,co 

OTl an,fo,sp 

OT2 an,di,fo 

OT3 an,sp 

OT4 fO,an 

POl sp,co 

P02 sp,an,co 

P03 sp,co,mu 

P04 sp,cd,mu 

P05 sp,an 

P06 sp,an 

P07 sp,an 

P08 an,co,tr 

P09 an,di,tr 

Pl0 an,sp 

1315 

1440 

1490 
1472 

1397 

1600 

1500 

1400 

1400 

1400 

1300 

1350 

1267 

1345 

1327 

1400 

1500 

1290 

1300 

1317 

1270 

1448 

1301 

1349 

1345 

1.370 

1485 

1400 

1380 

1420 

1245 

1230 

1400 

8.00 

18.00 

8.00 

24.00 

6.00 

25.00 

30.00 

35.00 

15.00 

30.00 

41 .00 

51 .00 

47.00 

38.00 

40.00 

26.00 

1.00 

10.00 

23.00 

24.00 

12.00 30.00 52.00 6.00 

34.80 

27.90 

13.60 

7.60 

21.60 

21.00 

14.80 

10.SO 

19.5O 

15.00 

8.00 

10.00 

10.00 

11.SO 

4.20 

29.30 

14.50 

15.00 

15.17 

13.13 

5.99 

14.55 

10.00 

10.00 

10.00 

10.00 

10.00 

10.00 

10.00 

10.00 

10.00 

10.00 

20.00 

20.00 

25.00 

30.00 

19.10 

20.00 

20.00 

30.00 

30.00 

30.00 

30.00 

15.75 

28.00 

25.00 

35.00 

15.00 

20.00 

20.00 

21 .26 

16.13 

36.53 

19.42 

28.67 

28.00 

30.00 

37.00 

25.30 

23.50 

30.50 

18.SO 

18.00 

25.30 

39.40 

42.70 

46.30 
45.80 

43.10 

44.20 

44.70 

52.00 

SO.SO 

51.SO 

50.00 

49.50 

53.00 

55.00 

35.90 

34.20 

45.00 

45.00 

45.93 

49.19 

40.14 

47.06 

52.66 

53.00 

52.00 

48.50 

44.90 

43.80 

46.00 
63.00 

62.00 

44.90 

5.80 

9.40 

15.10 

16.60 

16.10 

14.90 

2O.SO 

7.SO 

0.00 

3. SO 

12.00 

24.75 

9.00 

8.50 

24.90 

19.00 2.SO 

2O.SO 

20.00 

17.65 

21 .56 

17.34 

18.97 

8.67 

9.00 

8.00 

4.50 

19.80 

22.70 

13.50 

8.50 

10.00 

19.80 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

99.90 

100.10 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.01 

100.01 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 
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Table 5.4 

Data Used in Constructing Phase Diagram 

# assemblage T{C) Na20 MgO AI203 Si02 CaO Ti02 SUM 

P11 

R1 

R2 
R3 

R4 

S 

S 
S 
S 
S 
S 
S 
S 
S 

S 
S 
S 
S 

S 

S 
S 
S 
S 
S 
S 
S 
S 

S 
S 
S 
S 
S 
S 
S 
S 
S 
S 

sp,mu 

sp,to,co 

sp,cd 

sp,to 

to,pr,co 

sp,an 

sp 

sp,an 

sp,to 

sp,an 

sp,an 

sp,an 

sp,to 

sp,to 

sp,an 

sp,to,en 

sp,fo,en,sa 

cd,sp,to 

sp,to,cd,en 

to,sp,cd,en 

sp,an 

sp,an,to 

sp,to,cd,en 

sp,fo,cd,en 

sp,an,fo,cd 

to,an,pr,cd 

sp,sa,en 

cd,to,sp,en 

to,sp 

sp,an,to 

an,to,pr,cd 

en,cd,an,sp 

sp,to,cd 

sp,to,cd 

sp,to,cd 

sp,to,cd 

S01 an,sp 

1370 

1570 

1450 

1360 

1381 

1354 

1354 

1351 

1331 

1318 

1318 

1316 

1307 

1300 

1294 

1294 

1285 

1281 

1281 

1277 

1271 

1271 

1269 

1269 

1261 

1260 

1260 

1256 

1256 

1253 

1250 

1249 

1331 

0.50 

0.08 

0.05 

0.08 

0.10 

0.10 

4.41 

3.47 

0.08 

0.28 

0.10 

0.11 

0.07 

2.47 

0.30 

0.30 

0.10 

10.00 

25.00 

16.00 

30.00 

25.00 

10.36 

11.99 

13.48 

13.25 

13.39 

11 .70 

12.87 

12.72 

13.17 

14.13 

18.44 

18.14 

12.70 

14.99 

15.92 

16.09 

14.59 

11 .57 

15.86 

14.62 

13.37 

16.10 

14.78 

12.51 

12.75 

9.07 

34.00 

23.00 

43.00 

23.00 

21 .00 

25.65 

24.93 

28.08 

22.63 

25.73 

24.19 

25.96 

23.20 

23.27 

24.98 

22.19 

22.44 

22.04 

20.64 

21 .74 

18.85 

23.78 

25.23 

21 .98 

19.96 

18.51 

21.70 

22.32 

21 .32 

22.41 

34.95 

16.52 20.67 

14.58 21 .85 

21 .94 19.90 

17.21 21 .79 

50.00 

52.00 

41 .00 

47.00 

54.00 

42.00 

44.87 

39.75 

53.30 

45.86 

40.36 

43.31 

51 .51 

52.16 

44.23 

51 .34 

51 .81 

53.76 

47.86 

52.18 

44.78 

45.94 

41 .66 

52.30 

48.71 

45.45 

51 .04 

52.73 

54.92 

53.46 

37.64 

49.96 

52.03 

55.19 

53.05 

6.00 

0.00 

0.00 

0.00 

0.00 

12.09 0.97 

10.01 0.53 

10.34 1.07 

6.53 1.44 

9.95 0.62 

8.08 0.43 

9.35 0.53 

5.83 1.36 

6.15 1.19 

8.76 0.59 

5.63 

5.55 0.99 

7.34 1.72 

6.80 1.37 

8.26 1.71 

6.08 1.20 

8 .76 0.66 

11 .02 1.13 

7.97 1.59 

5.17 1.05 

7.28 1.85 

8.51 

7.90 1.48 

7.15 1.54 

7.90 1.37 

12.86 0.59 

8.20 

8.60 2.67 

3.06 

8.04 

25.39 23.65 50.96 0.00 

19.38 21 .31 53.51 5.81 

100.00 

100.00 

100.00 

100.00 

100.00 

91 .57 

92.42 

92.78 

97.15 

95.63 

84.86 

92.12 

99.03 

99.41 

92.77 

97.60 

98.93 

97.56 

91.95 

99.81 

87.10 

93.83 

90.67 

99.70 

91.99 

86.77 

97.65 

99.21 

97.44 

97.89 

95.22 

95.35 

99.73 

100.09 

100.09 

100.00 

100.01 

13.81 24.85 49.99 10.54 0.81 100.00 
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Table 5.4 
Data Used in Constructing Phase Diagram 

# assemblage T(C) Na20 MgO AI203 Si02 CaO Ti02 SUM 

S02 

S03 

S03 

S04 

S05 

506 

S07 

S08 

an,sp 

an,sp 

an,sp 

an,sp 

an,sp 

an,sp 

an,sp,fo 

sp,an,fo 

S08 sp,pr,fo,an 

S09 sp,an 

S10 fo,sp,an,pr 

S11 sp.an,fo,ed 

S12 sp,an,ed 

S13 an,fo,oe 

SC01 sp,fo,an 

SC02 sp,an 

Sc03 sp,an 

Sc04 sp,an 

Sc05 sp,an 

Se06 sp,an 

Sc07 sp,fo 

SC08 sp,fo 

SC09 sp,an,cd 

Se10 sp,cd 

Se11 an,sp,ed 

S012 an,od 

S013 an,sp 

S014 an,sp 

S015 an,sp 

St01 sp,fo,an 

St02 fo,sp 

St03 fo,sp 

St04 fo,sp 

St05 an,fo,sp 

St06 fo,sp 

St07 fo,sp 

St08 fo,sp 

St09 fo,sp 

1331 

1318 

1271 

1354 

1331 

1300 

1271 

1271 

1300 

0.07 

0.08 

13.44 

14.99 

15.60 

13.28 

14.32 

15.01 

15.66 

13.28 

25.64 

22.86 

23.25 

24.78 

23.50 

23.02 

22.05 

23.68 

40.69 

51 .86 

50.96 

47.59 

48.46 

47.83 

49.74 

42.08 

10.26 1.12 

9.47 0.82 

9.54 0.65 

13.40 1.32 

12.30 1.42 

12.33 1.80 

10.67 1.89 

9.80 1.46 

15.79 20.62 53.76 9.83 

0.06 13.63 22.09 42.46 9.99 1.23 

14.93 21.68 52.93 10.47 

1250 0.22 14.04 18.76 48.12 7.65 3.64 

1305 

1320 

1300 

1350 

1400 

1450 

1428 

1400 

1485 

1590 

1468 

1485 

1350 

1400 

1450 

1305 

1428 

1400 

1350 

1267 

1450 

1400 

1350 

1300 

11.57 

20.80 

15.00 

9.60 

8.00 

7.30 

6.20 

5.60 

21.00 

19.90 

5.00 
6.23 

6.38 

1.98 

12.00 

8.80 

7.10 

15.00 

21 .00 

19.90 

17.50 

13.50 

24.40 

21 .60 

17.80 

16.00 

27.22 

12.28 

19.40 

22.60 

22.70 

25.20 

30.50 

34.80 

17.20 

17.70 

38.99 

44.35 

34.99 

39.10 

23.30 

28.80 

33.30 

19.40 

17.20 

17.70 

18.70 

18.50 

19.70 

19.10 

18.70 

8.50 

53.63 

53.51 

44.70 

42.00 

41.20 

40.80 

39.60 

38.40 

42.20 

42.50 

37.21 

33.69 

39.98 

40.17 

44.10 

42.50 

40.60 

44.70 

42.20 

42.50 

43.50 

43.40 

43.00 

43.10 

43.30 

43.30 

7.58 

13.41 

20.90 

25.80 

28.10 

26.70 

23.70 

21.20 

19.70 

19.90 

18.80 

15.72 

18.66 

18.75 

20.60 

19.90 

19.00 

20.90 

19.70 

19.90 

20.30 

24.60 

12.80 

16.10 

20.20 

22.10 

91.21 

100.00 

100.00 

100.37 

100.00 

99.99 

100.01 

90.37 

100.00 

89.46 

100.01 

92.43 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

100.10 

100.00 

100.00 

99.99 

100.01 

100.00 

100.00 

100.00 

100.00 

100.00 

100.10 

100.00 

100.00 

100.00 

99.90 

99.90 

100.00 

89.90 
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Table 5.4 

Data Used in Constructing Phase Diagram 

# assemblage 

Stl0 to,sp 

Stll to,sp 

St12 to,sp 

St13 to,sp,me 

St14 to,sp 

St15 to,sp 

St16 to,sp 

St17 to,sp,an 

St18 to,sp 

St19 to,sp 

St20 to,sp 

St21 to,sp 

St22 to,sp 

St23 to,sp 

St24 to,sp,me 

Syl sp,cd,mu 

Sy2 sp,to,co 

Sy3 to,co,pr 

Yl sp,fo 

Y2 sp,an 

Y3 sp,an 

Y4 sp,to 

A l -A7 Andersen 

01 -07 Devries 

T(C) 

1500 

1400 

1300 

1600 

1500 

1400 

1300 

1550 

1500 

1450 

1400 

1350 

1300 

1275 

1575 

1370 

1364 

1450 

1400 

KS1-KS3 Keith and Schairer 

LBl-LB3 Longhi and Boudreau 

OGl-0G3 Osborn and Gee 

Pl-Pll Prince 

S Sheng et aI . 

Stl -$124 Stolper 

Yl-Y4 Yang 

Na20 MgO AI203 

25.90 20.20 

25.30 15.00 

18.80 15.00 

14.50 15.00 

34.80 20.00 

27.90 20.00 
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Fig.5.6 a) Isotherms on the spinel saturation surface projected onto the plane An-Fo­
Tr. Filled circles are experimental data from this study, open circles are data 
from various literature sources (see text) . b) Contours in wt. % Sp for 
liquidus on the spinel saturation surface. Oxides are given in mole percent. 
The projected data points are normalized to the three coordinates of the 
projection plane. Mu-mullite and Sap-sapphirine. Other abbreviations are 
given in previous figure captions. 
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Fig.5.7 a) Isotherms on the forsterite saturation surface projected onto the plane Di­
Sp-Tr. b) Contours in wI. % Fo for liquids on the forsterite saturation 
surface. Di-diopside, Oe-orthoenstatite, pi-pigeonite, and pr-protoenstatite. 
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b 

Forsterite Projection 
Wt.'Yo 

o 
Clopslde 

123 

Trldymite 
I 

o / 
'<f' 

Contours of Forsterite 
Saturation Surface 

Fo+Sp+L 

/ 

Spinel 



a 

Anorthite ProJection 
Wt.% 

o 

124 

Trldymlte 

o 

Isotherms on Anorthite 
Saturation Surface 

An+Sp+L 

----
An+Co+L 

DiopsJde Spinel 

Fig.5 .8 a) Isotherms on the anorthite saturation surface projected onto the plane Di­
Sp-Tr. b) Contours in wI. % An for liquids on the anorthite saturation 
surface. Tr-trydimite. Other abbreviations given in previous figure captions. 



b 

Anorthite Projection 
Wl% 

Diopside 

125 

Trldymlte 

Contours of Anorthite 
Saturation Surface 

An+Sp+L 

----

Spinel 



126 

(1954), Prince (1954), DeVries and Osborn (1957), Schreyer and Schairer (1961), Clark 

et al. (1962), Gentile and Foster (1963) , Osborn and Gee (1969), Schairer and Yoder 

(1969), Yang et aZ. (1972), Gutt and Russell (1977), Longhi and Boudreau (1980), 

Stolper (1982) , and Longhi (1987). 

In Fig.5 .6, multiply saturated melt compositions are projected from MgAIP4 

spinel (Sp) onto the plane defined by the compositions of CaAISi20 , anorthite (An), 

Mg2Si04 forsterite (Fo), and tridymite (Tr). Fig.5.6a shows isotherms for the Sp­

saturated liquidus surface and Fig.5. 6b gives corresponding liquid compositions, in wt. % 

Sp above the plane An-Fo-Tr on the surface. Spinel is in reaction relationship with 

liquid in the hachure region (shown in Fig.5.1I), inferred from the topology of the spinel 

saturation surface in that part of the phase diagram. Fig.5.7 is a projection from Fo onto 

the plane defined by Sp-Tr-Di (diopside; CaMgSiPJ . The small amount of lamite 

present in forsterite has only minor effect on the projection in this part of CMAS. There 

is a thermal maximum on the Fo+An+Sp+L boundary separating liquids that would 

evolve, depending on the composition of the liquid , toward either the Fo+Cd (cordierite; 

Mg2Al.,Sis0 1, ) + L field or the Fo+ Di + L field. There are also subtraction curves along 

Fo+Oe+Pr+L and Fo+Oe+Pig+L but these are of limited relevance to the 

petrogenesis of POls and CACs. 

Fig.5.8 is the projection of anorthite saturated melt compositions from An onto 

the plane Sp+Tr+Di. The An+Fo+Sp+L boundary and much of the Fo+An+L fields 

are common to Figs.5.7 and 5.8 but the different projections give them a somewhat 

different appearance. The invariant point An + Fo+ ortho-enstatite (Oe) + proto-enstatite 
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(pr) is a reaction point where both forsterite and proto-enstatite are in reaction relation 

with the liquid. This can be inferred from projection of their composition relative to the 

topology of the saturation surface. Liquid compositions that project within the region 

bounded by Di-En-Tr would evolve toward the An+Tr+Oe+Pr invariant point. 

5.4.1. Effect of Na,O and FeO on the Phase Boundaries 

Figs.5.1 and 5.6-5.8 were derived from liquid compositions in the system CMAS. 

POI and CAC compositions however often contain significant amounts of Na20 and FeO, 

so it is necessary to examine how much the addition these components will shift the 

phase boundaries. The direction of shift caused by the addition of Na20 is shown in 

Fig.5 .9 based on data from Pan and Longhi (1989) and the present study. Increasing 

Na20 causes the Sp+ Fo+ L (liquid) field to expand relative to the Sp+Cd + L and the 

Sp+ plagioclase (PI) + L fields. Similar shifts are observed in the other projections. 

From my experimental data on Na-bearing compositions (POI-2Na2 and POI-2Na5), the 

crystallization temperature of spinel is unaffected by the addition of up to 5 wI. % Nap, 

but that of plagioclase drops dramatically from 1380°C in POI-2 (Na-free) to l3000e 

(2 % Na20), to less than 1206°e (5 % Na20). The forsterite crystallization temperatures 

for POI-2 and POI-2Na2 are within error of each other. However, with 5% Na20 in 

the starting composition, the crystallization temperature of forsterite dropped to 

- 1240°C. Fig.5.l0 shows the effect of adding - 6 wt. % FeO (Longhi and Pan, 1988). 

There are dramatic shifts in Fo+ Pr+ An + Land Fo+ An +Sp+ L boundary curves and 
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it is unlikely that the Fe-free phase diagrams (Figs.5.1, 5.6-5.8) will give an adequate 

representation of the crystallization of melts containing as much as 6 wt. % FeO. Based 

on the above analysis, I limit the discussion of meteoritic inclusions to those bulk 

compositions containing <4 wt. % Nap and <3% FeO. It should be noted that FeO 

and Na20 become progressively enriched in the melt during crystallization so that only 

the early part of the crystallization sequence can be described quantitatively. 

In projecting bulk compositions of meteoritic inclusions, the FeO content is 

subtracted as fayalite and the Na20 content is subtracted as nepheline. Most of the 

oxidized Fe in POls and CACs is present in olivine. However, a significant proportion 

of the Na20 in POls (up to 50%) is contained in plagioclase, the projection does 

introduce an error in the projection of POls on the projected plane. However, for most 

of the compositions we will project through this scheme, this error does not affect the 

interpretation on their phase assemblage and crystallization sequence. The agreement of 

texturally derived crystallization sequence with that predicted by the related phase 

diagram for the projected POI compositions supports the validity of the projection 

scheme. 

5.4.2. Crystallization Sequences of POls 

Sheng et al. (l99Ia) provided detailed descriptions of 20 POls of which 11 

inclusions have < 4 wt. % Na20 and <3 wt. % FeO. I compare phase assemblages and 

texturally inferred crystallization sequences for these POls and two CACs described by 
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Nagahara and Kushiro (1982) with the predictions based on phase diagrams developed 

in this work. I also predict crystallization sequences for CACs analyzed by Bischoff and 

Keil (1983), and Bischoff et aZ. (1985), although the lack of corresponding petrography 

prevents detailed comparisons between predicted and observed phase assemblages. 

The appropriate phase diagram for describing the phase relations of a given 

meteoritic inclusion should meet two basic criteria. First, the phase diagram should be 

projected from the composition of a liquidus, or near liquidus, phase for the inclusion. 

This means that the bulk compositions must lie above or at least very close to the 

saturation surface for the projected phase. Second, the inclusion's bulk composition 

should plot in a part of the phase diagram where the crystallization sequence can be 

easily followed. In practice, this usually means that the projected point plots inside the 

projected pseudo-ternary diagram. Of the 18 low Na, low Fe POls (Sheng et aI., 1991a) 

and CACs (Nagahara and Kushiro, 1982; Bischoff and Keil, 1983) for which there is 

petrographic data, four plot above the spinel saturation surface and inside the Fo-Ge-An 

ternary (i.e., the Stolper diagram), six in the Sp projection onto Fo-An-Tr, four in the 

Fo projection onto Di-Tr-Sp, and four in the An projection onto Di-Tr-Sp. Although the 

POI ADEL-l has 4.6 wt. % FeO, most of the Fe is comprised by Fe-rich metal nuggets 

concentrated in olivine-rich regions near the periphery of the inclusion. The composi­

tions of olivine and pyroxene are low in FeO «2 wt. %) suggesting that these phases 

crystallized from a low Fe melt. If these Fe-rich nuggets are subtracted from the bulk 

composition, the FeO content of the inclusion is less than 2 wt. %. Therefore this 

inclusion is included in the discussion. In the following, we will discuss the 
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crystallization paths for liquid compositions that fall in the specific regions of the phase 

diagrams where the natural compositions are plotted, and compare the predicted 

crystallization sequences with the texturally inferred crystallization sequence. The 

different symbols in the phase diagrams represent bulk compositions of different POI 

groups and CA chondrules. The errors in the projection of their compositions are 

roughly approximated by the size of the symbols. 

a) Crystallization Sequences of Melt Compositions in the Spinel Projection 

In Fig.S.Il, bulk compositions of spinel saturated melts (cf., Fig.6b) are 

projected from Sp onto the plane An-Fo-Tr. Also indicated are low Na-Fe meteoritic 

inclusions whose bulk compositions plot above the spinel saturation surface (by - 5-20 

wI. % Sp) and are, therefore, predicted to have spinel as the liquidus phase. In the POls, 

spinel grains are poikilitically enclosed in other phases, thus consistent with early 

crystallization. Based on bulk compositions, the crystallization sequence in the two 

CACs described by Nagahara and Kushiro (1982) is predicted to be S~An--"Fo. 

Plagioclase is not observed in these inclusions but glass is ubiquitous. The absence of 

plagioclase may be a consequence of the well-known difficulty of plagioclase nucleation 

(Gibb, 1974). Since POls of similar composition contain plagioclase but no glass, these 

two CACs probably cooled faster or were heated to higher temperatures than comparable 

POls. 

The key feature of Fig.S .11 for interpreting the crystallization behavior of POls 
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and CACs is the presence of a thermal divide formed by the spinel-olivine-plagioclase 

plane. The exact position of this plane shifts with the plagioclase composition, - An90 

for POls, as shown in Fig.S.ll. Spinel saturated liquids on the Tr-rich side of the 

Fo+Plag+Sp plane will evolve toward the invariant point Sp+An+Fo+Cd+L while 

those on the Tr-poor side will move away from Tr and evolve towards the Cpx+Sp+L 

field shown in Fig.S.l. This behavior is independent of whether plagioclase or olivine 

is the second phase to crystallize and represents a fundamental test for the application of 

projections such as Fig.S.11 to POls and CACs. Those inclusions with bulk composi­

tions plotting on the Tr-poor side of the Plag+ Fo+Sp plane should contain fassaite but 

no orthopyroxene or cordierite. From Fig.S.U, every meteoritic inclusion clearly 

plotting on the Tr-poor side of the Plag+Fo+Sp plane [AI, A2, 2, 7] contains Cpx, 

whereas none of the inclusions clearly plotting on the Tr-rich side [5, 6, 8] has any Cpx. 

The fact that POls whose bulk compositions plot very close to the olivine+plagioclase­

+spinel plane contain fassaite suggests that these inclusions are on the Tr-poor side of 

the plane. At first glance, it appears that fractional crystallization of POls on the Tr-rich 

side of the Plag+Fo+Sp plane will lead to the appearance of cordierite, a phase never 

observed in the POls we studied, but not of enstatite, which is common (Sheng et aL, 

199Ia). The only cordierite-bearing inclusion described by Fuchs (1969) also contains 

spinel, plagioclase, and olivine, and therefore falls into the category of POls. The 

presence or absence of cordierite for inclusions, whose bulk compositions should 

crystallize cordierite upon fractional crystallization, possibly reflect a difference in their 

cooling history. However, crystallization sequences for these compositions are 
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Fig.5.n Spinel saturated liquidus phase diagram projected onto the An-Fa-Tr plane. 
Only POls that have spinel as the liquidus phase are shown. Diamonds 
represent group 1 POls, squares represent group 2 POls, and hexagons 
represent CACs. Sectors in each symbol denote the presence (filled) or 
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or mesostasis. Other abbreviations given in previous figure captions. 1: 
AIAl-2, 2: V477, 3: 5ALLB6, 4: BG82DH2, 5: 3510, 6: BG82CLll, 7: 
BG82DHlA, 8: BI4D. 
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complicated by the fact that spinel is In a reaction relationship with liquid at the 

Sp+ An+ Fo+Cd+ L invariant point, along the Sp+ An+ Fo+ L boundary curve, and in 

the hachure region on the spinel saturation surface. Fractional crystallization can 

therefore result in the melt being driven off the spinel saturation surface so that Fig.S .11 

can no longer be used to follow the liquid line of descent. Whether or not this occurs 

depends on the bulk composition, the amount of spinel present, and the cooling rate. For 

POls on the Tr-rich side of the Plag-Fo-Sp plane in Fig.5.11, perfect fractional 

crystallization will generally crystallize enstatite before cordierite even at equilibrium. 

This can be seen by following fractional crystallization paths of the Sp+ Fo saturated 

liquids plotting in the triangle formed by Sp, An90, and the Fo+An+Cd+Sp+L 

invariant point in the Fo projection of Fig.S.12. 

b) Cr"ystallization Sequences of Melt Compositions in the Forsterite Projection 

In Fig.S.12, bulk compositions of forsterite saturated melts (cf. Fig.S.7b) are 

projected from Fo onto the plane Sp-Di-Tr. Low Na and Fe meteoritic inclusions whose 

bulk compositions plot above or close enough to the forsterite saturation surface that 

upon fractional crystallization the melt will eventually evolve onto the saturation surface 

are also plotted. In the cases where the bulk compositions plot above the forsterite 

saturation surface, forsterite is predicted to be the liquidus phase. For those that plot 

slightly below the saturation surface, forsterite will be the second phase to crystallize, 

preceded by one of the other phases depending on the phase field within which the bulk 
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composition IS plotted. The thermal maximum on the Fo+An+Sp+L boundary 

separates liquids plotted within the Fo+Sp+ L field that will crystallize enstatite from 

those that will crystallize diopside upon fractional crystallization. The exact location of 

this thermal maximum depends on the composition of plagioclase. Since the 

Fo+Sp+An+L boundary on both sides of the thermal maximum is a reaction curve, the 

liquid will, at some point along the curve, move across the Fo+ An + L phase field and 

crystallize either diopside or enstatite depending on which side of the thermal maximum 

the liquid evolved from . The three inclusions within the Fo+Sp+ L field plot on the Tr 

poor side of the thermal maximum, therefore, are predicted to crystallize diopside rather 

than enstatite. The two CACs [N15, Pll] of Bischoff and Keil (1983) contain olivine 

and fassaite but not plagioclase. Both contain abundant Ca-rich mesostasis, thus the 

absence of plagioclase is possibly due to nucleation difficulty. 

Six CACs are plotted in the Fo+ Pr+ L phase field. Only two of them plot above 

the forsterite saturation surface and thus will have forsterite as the liquidus phase. Four 

others plot below the forsterite saturation surface, but are close enough to the surface that 

upon crystallization the melt will evolve upon the forsterite saturation surface and 

crystallize forsterite. Phase assemblages were reported by Bischoff and Keil (1983) for 

two of the chondrules [Bl3, S3]. The CAC Bl3 was reported to consist of olivine and 

Ca-rich mesostasis and S3 of olivine, pyroxene and Ca-rich mesostasis. The absence of 

expected plagioclase in these two CACs is likely an indication of rapid cooling and 

nucleation difficulty of plagioclase. The phase assemblages of the other CACs were not 

reported. Since their bulk compositions plot below the forsterite saturation surface it is 
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Fig.5.12 Forsterite saturated liquidus phase diagram projected onto the plane Tr-Di-Sp. 
Only POls with bulk compositions above or near the olivine saturation surface 
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previous figure captions. 10: BG82CH1, 16: A-47. 
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expected that they should have enstatite on their liquidus. 

The bulk composition of one POI [10] lies in the Fo+Di+L phase field. The 

predicted crystallization sequence is F()-"'Di~An~e. The pyroxenes, however, show 

pigeonite crystals enclosed in diopside (Boctor et aI., 1989), suggesting the order of 

crystallization of pyroxene is pigeonite followed by diopside. This crystallization 

sequence could be achieved if the liquid compositions were in the Fo+ Pi + L phase field. 

A more important discrepancy of the phase assemblage in this POI is the presence of 

spinel. Bulk compositions that plot in this field are not expected to be associated with 

spinel under equilibrium condition. However, spinel is rare and appears as resorbed 

grains enclosed in silicates which suggest that its existence is due to preservation of 

grains that predates the melting episode. 

c) C"ystallization Sequences of Melt Compositions in the Anorthite Projection 

In Fig.5.l3, bulk compositions of anorthite saturated melts (cf. Fig.5.8b) and low 

Na and Fe meteoritic inclusions whose bulk compositions plot above or near the anorthite 

saturation surface are projected from An onto the plane Sp-Di-Tr. Bulk compositions 

that plot above the anorthite saturation surface are predicted to have anorthite as the 

liquidus phase. For those that plot slightly below the saturation surface, anorthite will 

be the second phase to crystallize, preceded by one of the other phases depending on the 

phase field within which the bulk composition is plotted. The phase fields of interest for 

these inclusions are An+Fo+L, An+Cpx+L, An+Oe+L, and An+Pr+L. Liquid 
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compositions that plot in the An + Fo+ L phase field will crystallize anorthite followed 

by forsterite. The liquid will then move away from the projected endmember 

composition Fo until either clinopyroxene or orthopyroxene crystallizes, depending on 

the position of the initial bulk composition of the liquid relative to the tie lines between 

Fo and the invariant points An+Fo+Cpx+Oe+L and An+Fo+Oe+Pr+L. The 

invariant point An+Fo+Oe+Pr is a reaction point, where either Fo or En is in reaction 

relation with the liquid and the liquid will move along the An+Pr+Oe+L phase 

boundary towards the An+Pr+Oe+Tr invariant point, or will move across the 

An +Oe+ L phase field. Liquid compositions plotting within the An + Pr+ L field will 

crystallize anorthite followed by proto-enstatite and evolve toward either An + Pr+Cd + L, 

An+Pr+Oe+L, or An+Pr+Tr+L boundary curve depending on the position of the 

liquid composition relative to the Tr-En tie line. Liquid compositions in the An+Oe+L 

field will crystallize anorthite followed by ortho-enstatite. Depending on the liquid 

composition, the liquid will evolve on either An+Oe+Tr+L or An+Oe+Cpx+L 

boundary curve and towards the An+Oe+Cpx+Tr+L invariant point. 

The bulk composition of the POI [11] plots in the vicinity of the invariant point 

An + Fo+ Pr+Oe+ L. The inclusion consists of mainly plagioclase, with rounded olivine 

grains mantled by enstatite, tabular enstatite mantled by clinopyroxene and interstitial 

polymorph of Si02• The inferred crystallization sequence from the textural relation of 

these phases is An + F~En-'>Cpx-'>Tr. This is consistent with the predicted crystalliza­

tion of this liquid composition based on the phase diagram. However, we also observed 

rare grains of spinel in this POI. The spinel appears as small, highly corroded grains 
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included in plagioclase laths. Spinel is not allowed to exist under equilibrium condition 

in a melt of this composition. 

Two CACs [Sy] and [W20] described by Bischoff and Keil (1983) have bulk 

compositions that plot in the An + Fo+ L field . [Sy] is predicted to follow the crystalliza­

tion sequence of An~F~En~Cpx. The predicted crystallization sequence for the [W20] 

is An~F~Cpx. The main discrepancy of the predicted and observed phase assemblages 

in the above two CACs is the absence of plagioclase in both chondrules. However, they 

both contain Ca and AI-rich mesostasis. The spinel in [W20] is not expected to 

crystallize from a liquid of the chondrule' s bulk composition . The Fe content in the 

spinel (-20wt. % FeO), reported by Bischoff and Keil (1983), is much higher than the 

spinels we encountered in POls. 

The bulk composition of the [Qy8] plots in the An +Cpx + L phase field and in 

the vicinity of the An+Cpx+Oe+L boundary. The predicted crystallization sequence 

for this composition is An~Cpx~O~Tr. Only two phases were reported for this CAC, 

plagioclase and low-Ca pyroxene (Bischoff and Keit, 1983). The bulk composition of 

thi s CAC requires that there is at least a third phase in its assemblage, presumably glass 

or mesostasis. 

5.5. IMPLICATIONS FOR PETROGRAPHIC CLASSIFICATION 

Sheng et al. (1991a) divided POls into three groups based on mineralogy. Group 

1 are spinel rich inclusions and group 3 are olivine rich . Group 2 inclusions are 
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intermediate between group 1 and 3 pals and generally contain more pyroxenes. Group 

I POIs (represented by diamonds in Fig.5 . 11) are characterized by abundant spinel. All 

inclusions of this group described by Sheng er al. (199Ia) have spinel on their liquidus. 

It is suggested from their phase assemblages, that two of the six group 1 pals will follow 

crystallization paths that can be described in this phase diagram, and the crystallization 

paths of the other four can be visualized in Stolper's (1982) projection. The pals whose 

compositions plot on the silica rich side of the plagioclase-forsterite tie line can 

crystallize orthopyroxene while those on the silica poor side can crystallize 

clinopyroxene. For those pals that have bulk compositions ploning near the plagioclase­

forsterite ti e line, the crystallization paths can be distinguished by the presence of either 

clinopyroxene or orthopyroxene. 

Group 2 pals (represented by squares in the phase diagrams) comprise half of the 

pals we studied . Spinel is generally rare and resorbed. The presence of spinel in two 

group 2 pals contradicts the predicted phase assemblages from their bulk compositions. 

We have observed that melts from their bulk compositions are spinel-undersaturated. 

Group 3 pals (represented by circles in the phase diagrams) are dominated by 

olivine and will have olivine on the liquidus. With the exception of A-47 these pals are 

Fe-rich (4.1-5.6 wI. % FeO). However, as will be discussed in the following section, it 

appears that even for the Fe-rich pals, a reasonable sense of their crystallization paths 

still can be depicted. 

The phase diagrams we constructed can also be used for interpretation of the 

phase relations of some CACs (represented by hexagons). The phase relations of 
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selected CAC compositions for which there is data on their phase assemblage are, In 

general, consistent with the prediction from the phase diagram. A major inconsistency 

between the observed and predicted phase assemblages is the absence of plagioclase in 

several CACs that were expected to contain plagioclase based on the phase diagrams. 

These CACs contain Ca-rich glass or mesostasis, some of which have stoichiometric 

plagioclase composition (Bischoff and Keil, 1983). This may reflect faster cooling rates 

in CACs relative to POls and the difficulty of plagioclase nucleation (Gibb, 1974). 

5.6. EVALUATION OF POls WITH HIGHER Fe AND/OR Na 

Although the compositions of some POls exceed the limitations we set on their 

FeO or Na,O contents, we have nevertheless evaluated them to see how well their phase 

assemblages and crystallization sequences can be predicted based on the phase diagrams. 

The texturally inferred crystallization sequence ofBG82CLI (4.8 wI. % FeO) is consistent 

with that predicted from its bulk composition except for the absence of spinel. 

BG82CUb (4.1 wI. % FeO) exhibits a phase assemblage that is consistent with the 

predicted crystallization sequence of Fo...;>S~An-'>Cpx. The inferred crystallization 

sequence for PPX (6.5 wI. % FeO) is compatible to the sequence of F~S~An-'>En 

predicted from the phase diagram. REDEYE (5.6 wI. % FeO) is predicted to have the 

crystallization sequence of F~An...;>Di-'>En, identical to the texturally inferred 

crystallization sequence with the exception of the presence of Cr-rich (20-30% Cr,03) 

spinel in this POI. Analysis of Cr contents in spinels and coexisting Cr-doped glasses 
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with compositions similar to POls and CAls suggests a partition coefficient of Cr 

between spinel and coexisting liquid of approximately 40. The partition coefficient of 

Cr between olivine and a basaltic liquid is about I (Leeman and Scheidegger, 1977). 

These data suggest that the Cr-rich spinels and olivines (0.5 % Cr20 3) in REDEYE can 

coexist in a melt containing - 0.5 % Cr20 3 • The predicted crystallization sequence for 

the Na-rich POI BG82CUa (6.8 wt. % Na20) is consistent with observed assemblage 

except for the presence of rare and strongly resorbed spinel. Even when we accounted 

for the Na-effects on the phase boundaries, it still is apparent that spinel is not allowed 

to crystallize from a melt of the inclusion's bulk composition. 

The predicted crystallization sequence for BG82CHI is Fo-+An->Di->En. While 

the general textural feature is consistent with the prediction, the inclusion contains spinel, 

which is not expected to crystallize from liquids of its bulk composition . It is noted that 

spinel is rare and occurs as small resorbed crystals enclosed in plagioclase. 

Although the amount of FeO or Na20 in these POls limits the application of our 

phase diagrams to the interpretation of their phase relations, it appears that their 

texturally inferred crystallization sequence follow that predicted from the phase diagrams. 

This may be due to the coincidence that the projections of their compositions fall in a 

region where the general trend of their liquid line of descent is not affected by the shifts 

in the phase boundaries due to the addition of FeO or Na20 in the system. 
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CHAPTER SIX 

Mg SELF-DIFFUSION EXPERIMENTS 

The very existence of isotopic heterogeneities in the spinels of POls implies that 

the maximum temperature was low enough and the cooling rate fast enough to prevent 

reequilibration. A determination of the conditions under which isotopic heterogeneities 

would have been preserved requires a knowledge of the self-diffusion rate of Mg in 

spinels. Therefore, experiments to determine the self-diffusion coefficients of Mg in 

spinel single crystals at temperatures reflecting possible melting conditions of POls were 

designed. The only available Mg diffusion data in MgAi20. are those of Lindner and 

Akerstrom (1958). They used a radiotracer eSMg) precipitated on a polycrystalline 

aggregate of spinels. 

A common technique for the preparation of a diffusion couple in simple solids is 

to coat the diffusing species onto the surface of the sample by means of electroplating or 

chemical precipitation (Coles and Long, 1973; Reed and Wuensch, 1979; Cygan and 

Lasaga, 1985). The sample is then annealed to allow species in the thin fIlm to diffuse 

into the sample. Some of the potential drawbacks to this technique are that the thin fIlm 

and the crystal are in very different chemical and physical states, and the boundary 

between them may not be well defined. Imperfections along this contact could serve as 

a major obstruction to the diffusing species and thus limit the reliability of the data. The 
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thin film method usually does not permit a check on the mass balance of the species 

transported between the two phases. Another potential problem is that if the thin film 

has one or more components that are volatile in the enclosing gas, differential 

volatilization may occur at the surface. In order to avoid these problems, an 

experimental approach was designed by which volume diffusion in both phases is 

maintained. The technique permits precise determination of the activation energy and 

is applicable to many other systems (cf., Jurewicz and Watson, 1988; Watson et aI., 

1985; Freer et al., 1982) in which elements with multiple usable isotopes (e.g., Mg, Ca) 

can be used as tracers. The measured Mg diffusion rates for spinel are used to establish 

the temperatures and time scales which control isotopic homogenization of Mg in 

refractory inclusions found in some meteorites. A preliminary report of this approach 

has been given (Sheng et al. , 1991c). 

6.1. ANALYTICAL TECHNIQUE 

The determination of diffusion coefficients usually requires isotopic or chemical 

analysis with high spatial resolution, as produced by depth profiling using secondary ion 

mass spectrometry. In our experiments we found that at the temperatures of interest, 

diffusion of Mg in spinel (and melt) was sufficiently fast that isotopic profiles - 40J.'m 

long were developed in spinel in less than 24 hr. The length of the profiles enabled us 

to measure the variations in Mg isotopic composition along a traverse normal to the 

diffusion interface in both spinel and glass. Depth profiling techniques required in many 
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isotopic tracer experiments (cf., Coles and Long, 1973; Reed and Wuensch, 1979; Cygan 

and Lasaga, 1985) were not necessary. 

The Mg isotopic compositions in spinel and glass were determined with the 

P ANURGE ion microprobe. To maximize the spatial resolution of the ion probe 

analyses, the 160 . primary beam was focused to a diameter of - 5 pm. An aperture 

inserted in the sample image plane allowed only secondary ions emitted from an 8 pm 

diameter region centered on the point of analysis to enter the mass spectrometer. 

Isotopic profiles were measured by moving the sample under computer control in 

predetermined movements, while holding the position of the primary beam fixed. In 

addition to the Mg isotopes, the 28Si+f"Mg+ ratio was recorded to provide a sensitive 

indicator of the presence of glass. The 2(1 error for measured 25MgP4Mg ratios is ± 3 r .. 

and ±2 r .. for 26MgP4Mg. 

The data analysis required two types of corrections for instrumental mass­

dependent fractionation. Since the · 26MgP4Mg ratio in the 25Mg-doped glass was 

approximately (within ±3roo) normal, measured 25MgP4Mg ratios in each phase were 

corrected for fractionation using a power law after normalizing to 26MgP4Mg = 0.13955 

(Brigham, 1990). In order to compare measured 25MgP4Mg ratios in spinel and glass, 

and thus determine the composition, at the boundary, an 8 r .. correction was applied to 

the data from glass to correct for differences in "intrinsic" instrumental fractionation 

between spinel and glass. This correction was determined by measurements in spinel and 

isotopically normal glass. The distances between the sputtered holes from the ion 

microprobe analyses were determined on a high precision (resolution - 0.1 pm) 
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measuring stage attached to an optical microscope. The isotope ratios at the boundary 

were determined by extrapolating the measured data in both spinel and glass on different 

sides of the border to the boundary. Chemical compositions of spinel and glass were 

measured with WDS. The concentrations of each Mg isotope species in spinel and melt 

are calculated from measured isotope ratios and total Mg concentrations in each phase 

and expressed in terms of moles per cubic cen timeter, where the density of the melt was 

calculated using the method of Lange and Carmichael (1987). 

6.2. EXPERIMENTAL METHOD 

We investigated Mg self-diffusion in MgA120. (spinel) using isotopic tracers. The 

diffusion couple consists of a single crystal gem quality spinel with a normal isotopic 

composition and spinel saturated, 2.SMg-doj>ed, CaO-MgO-AI20 3-Si02 melts representative 

of POI compositions. The spinel crystal was sawed into thin slabs - 300 Ilm thick and 

one side polished to a smooth, flat surface with 1 Ilm diamond paste. The polished 

spinel slabs were annealed in air for 24 hrs. at 1500°C. 2.SMg doped glasses were 

produced by first mixing 2.SMgO powder (25MgO > 98.7%: Oak Ridge National 

Laboratory) with appropriate amounts of Caco3, MgO, A120 3, and Si02 and then 

grinding under ethanol in an agate mortar. The mixtures were decarbonated at 800°C 

for 12 hours followed by melting in Pt crucibles in a Del-Tech VT-31 furnace at 1550°C 

for 24 hours in air and quenched in deionized water. Each bulk composition was chosen 

based on phase equilibria studies (Sheng et aI., 1991 b) to be in equilibrium with spinel 
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at the desired temperature for the diffusion experiment. Glass chips were analyzed after 

melting and verified to be both chemically and isotopically homogeneous by electron 

probe and ion probe measurements. Mg isotope ratios measured in the glass are 

consistent with the amount of isotope tracer added into the mixture. 

Preparation of the diffusion couple is shown schematically in Fig.6.l. Chips of 

the 25Mg doped glass were placed in a cylindrical Pt crucible of 3 mm diameter. The 

glass chips were remelted inside the crucible to produce a nearly bubble-free glass. 

Chemical and isotopic compositions of the glass were not changed by the remelting. The 

remelted glass was then reequilibrated at a temperature slightly (- 5-1O°C) below the 

spinel saturation temperature of the melt composition to ensure chemical equilibrium. 

The melt was quenched in air to prevent fracturing of the glass. Observation of this 

reequilibrated glass under the optical microscope showed spinel grains crystallized from 

the melt but had settled down to the bottom of the crucible (Fig.6.2). The open end of 

the crucible was sawed off and the glass polished to a flat surface. The preannealed and 

polished spinel slab was placed against the polished surface of the glass and tied together 

by Pt wire. This couple was then placed into the hot spot of preheated Del-Tech furnace 

adjacent to a thermocouple, and held at the temperature of interest for periods of 0.5 to 

20 hours. Samples were removed through the top of the furnace and allowed to cool 

slowly in air, to avoid fracturing spinel or glass. All experiments were conducted in air 

at one atmosphere. This procedure produces a well defined, wetted contact between 

spinel and a bubble-free, spinel saturated melt. Assuming that there is no convection in 

the melt, diffusion coefficients in both melt and crystal can be determined. 
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Fig.6.1 Schematic illustration showing the preparation of the diffusion couple. Chips of 
homogenized 25Mg-doped glass is remelted inside Pt crucible to produce bubble 
free glass. It is then reequilibrated at a temperature slightly below the spinel­
saturation temperature of the melt composition to ensure chemical equilibrium. 
The glass is polished after the open end is sawed off. A polished and preannealed 
spinel slab is placed against the polished glass. The glass and spinel slab is 
fastened together with Pt wire and then placed into a furnace to the temperature 
in which the melt was equilibrated. 
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Fig.6.2 SEM backscattered image showing spinels that had crystallized and settled to the 
bottom of the Pt crucible during re-equilibration of the melt at a temperature 
below the spinel-saturation temperature of the liquid composition. 
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Fig.6.3 SEM secondary electron (SEI) image of one run product showing a cross 
section of the spinel slab welded to the glass contained inside Pt crucible. The 
inner diameter of the Pt crucible is 3 mm. 

Fig.6.4 An enlarged secondary electron image shows the wetting of melt on spinel 
surface yielded a sharp welded contact between the two phases. 
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Figure 6.3 is a secondary electron image (SEI) of one run product showing the 

spinel slab welded onto the 25Mg doped glass contained within a Pt crucible. As shown 

in the enlarged SEI in Fig.6.4, wetting of the melt on the spinel surface yielded a 

boundary of spinel to glass that was a sharp welded contact. This is an illustration of a 

contact in which the two phases are in chemical equilibrium. 

6.2. Mathematical Treatment 

The data for the experimental conditions described above was treated as diffusion 

in an infinite composite medium taking into account the complementary diffusion of 

24Mg, 25Mg and 26Mg in both spinel and melt with the total concentration of Mg in each 

phase maintained constant. The two phases are thus in bulk chemical equilibrium but 

with isotopic exchange. The conditions are schematically illustrated in Fig.6.5 showing 

the concentration distribution of total Mg and of the different isotopes in the two phases 

before and after the diffusion experiment. For the three isotope species 24Mg, 25Mg, 

26Mg we assign the indices i = 1, 2, 3 respectively. The number concentrations of these 

species, C" in the two media, spinel (R) and melt (L), satisfy the condition 

(la) 

and 

(lb) 



(Melt) L 

% MgO 

14% 
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a 

o 

R (Spinel) 

Melt and spinel in 
chemical equilibrium 

Fig.6.5 Schematic drawing illustrating a) the composition of the melt is in chemical 
equilibrium with spinel at the run temperature therefore the total Mg in both 
spinel and melt remain constant throughout the experiment. b) The concentration 
of Mg isotopes in spinel and melt before and c) after diffusion experiment. The 
concentration profiles of Mg isotopes in both spinel and melt can be modeled by 
simple one dimensional diffusion equations. 
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where C'" and CRO denote the initial concentration of species C; in L and R respectively 

and I;L and I;R are the total concentrations of the isotope species in phase L or R. 

Provided that there is no convection, and no growth or dissolution of spinel (i.e., no 

moving boundaries), the relevant transport equations for constant diffusion coefficients 

are 

(2a) 

and 

(2b) 

where DL and DR are, respectively, the diffusion coefficients for the species in phases L 

and R, and T is the time. This is a reasonable assumption given that the bulk 

compositions of both phases are constant. From (1) and (2) 

ac L ac L ac L 
1 2 3 

~ 0 + + (3a) 
ax ax ax 

and 

ac R ac R ac R 
1 2 3 

~ 0 -- + + (3b) 
ax ax ax 

The continuity of flux for each species through the spinel-liquid interface requires that 
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ac/) ac,R) D- ; D-
L ax.-o R ax .-0 

(4) 

at x =0 and as the isotopic composition must be continuous at x = 0, T > 0: 

(5) 

If the initial conditions are 

L 1.0 C, (x,O) ; C, x<O (6) 

R Ro C, (x,O) ; ci x> 0 

the solutions are of the form (cL, Jost, 1952; Crank, 1975) 

L L L ( X ) C, (x;t) ; Ai -+- Bi erf 
2/DL't 

(7a) 

and 

R R R ( X ) ci (x,'t) ; Ai -+- Bi erf . 
2/DR't 

(Th) 

From equations (3) and (7) 
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(8) 

and 

From equations (4) and (7) 

(9) 

Here (lO) 

From equations (5) and (7) 

(ll) 

From the initial conditions we can write (7) as 

CLo ~ AL _ BL 
I I I 

and (I2) 
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from which we can derive 

cr. = AL _ aB,R , , 
(13) 

From equations (12) and (l3) we can write 

(14) 

Hence we can solve 

(c~ + aC~) (c~ + aC~) 

(~: + a) (~:+a) 
(15) 

and 

a (ell" ~ L _ cr. (ell" ~L _ cr.) 
BL 

'~R ' 
BR = 

'~R ' 
(16) = , 

(~:+a) 
, 

(~:+a) 

Substituting equations (10), (15), and (16) into equation (7), the formal solution to this 

problem becomes 
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4, Ro 
Ci + aCi (17a) 

and 

C~ + aC:O 
(17b) 

Given a solution in one region (L or R) equation (17) can be used immediately to 

construct a solution in the other phase. At the boundary x = 0, we have 

,. ; - , (18) 

where r is a constant. The value of r at the boundary thus depends only on the initial 

chemical and isotopic composition of the system and the diffusion coefficient in each 

phase via ex. Note that if ex = 1 and 1;R = 1;L then we obtain the usual result: 

4, Ro 
1 Ci + Ci (19) 
2 
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Using the transform 

(20) 

(cf., equation 17b) we can plot the inverse error function versus xIV T. The slope of the 

best fit line determines the diffusion coefficient DR' 

Errors in the ion probe measurements of 25Mgf24Mg ratios were incorporated into 

the diffusion coefficient by an error propagation technique. A linear regression of the 

diffusion data was performed to determine the activation energy and pre-exponential 

factor. The associated error in each diffusion coefficient was included in this regression 

using the method of Williamson (1968). 

6.4. EV ALUA TION OF THE DIFFUSION COUPLE 

6.4.1. Treatment of the Diffusion Couple 

In alI experiments, spinel could be treated as an infinite medium. However, in 

some preliminary experiments with a rather limited amount of melt relative to the crystal 

(runs at T= 1302 ,1354, and 1497"C), we found that the 25Mgf4Mg isotope ratio of the 

glass measured at the point furthest away from the spinel-glass boundary was 

significantly lower than the initial ratio of the glass prior to the experiments. This 

indicates that the amount of Mg in the melt and hence the mass of the melt in these 



162 

experiments was inadequate to treat it as an infinite medium, greatly complicating any 

attempt to extract diffusion coefficients. In subsequent experiments, we ensured that 

sufficient glass was present so that the liquid could be treated as an infinite reservoir and 

verified that 25Mg/24Mg measured in the glass far from the spinel following the diffusion 

anneal corresponded to that of the initial glass. 

6.4.2. Importance of Chemical Equilibrium during Diffusion Experiment 

The chemical and isotopic composition of the glasses and spinel are given in 

Table 6.1. If spinel and melt are in chemical equilibrium for each run, then Mg diffuses 

only in response to the isotopic disequilibrium. That this condition was fulfilled during 

our experiments was tested by measuring the chemical and isotopic compositions along 

diffusion profiles normal to the interface. 

The importance of establishing chemical equilibrium during the course of the 

diffusion experiment can be demonstrated by the experimental result shown in Fig.6.6. 

The spinel to glass boundary in this experiment, where the melt was over saturated with 

respect to spinel, shows a serrated contact due to spinel growth. The irregular contact 

between the two phases indicates that bulk chemical disequilibrium existed at some point 

during the experiment. The diffusion coefficient of Mg determined from the measured 

isotope abundance profile in spinel from this experiment is not consistent with the data 

from our other experiments and is not included in our discussion. 



MgO 

1553GI 11. 69 

1497GI 13.23 

1495GI 13.81 

1415GI 14.08 

1354GI 13.12 

1302GI 13.17 

1261GI 14.58 

Spinel 28.20 

163 

Table 6.1 
Compositions of Starting Material 

AI20 3 Si02 CaO Sum 25Mg/24Mg 

32.29 43.71 12.76 100.55 0.90530 

33.06 43.35 10.82 100.56 1.47665 

30.84 44.39 10.92 99.96 0.81343 

28.60 47.34 10.06 100.08 1.18216 

25.81 49.32 11.10 100.35 1.47809 

25.16 51.78 10.47 100.58 1.47841 

22.76 54.45 7.97 99.76 0.85726 

72.63 0.03 0.02 100.88 0.12633 

2SCO EMg 

0.00299 0.00679 

0.00433 0.00767 

0.00334 0.00803 

0.00416 0.00817 

0.00431 0.00761 

0.00431 0.00764 

0.00423 0.00848 

0.00254 0.02541 

Oxides are in wt. %, initial 25Mg PCa) and total Mg ([ Mg) concentrations 
are in moles/cc. 

Zhang e{ al. (1989) derived a quantitative way to assess the growth or dissolution 

rate during diffusion experiments using a diffusion controlled growth (or dissolution) 

model. Using their model, the effects of chemical disequilibrium between melt and 

coexisting solid can be estimated. 

For spinel, the major component that controls the saturation of the mineraI is 

AI20,. Assuming the saturation concentration of Al20 3 is exactly 30 %, and the actual 

Al20, concentration in the melt is 30.1 % (slightly oversaturated). The minimum growth 

distance can be estimated by assuming diffusion-controlled growth, 

L = 2aJDm t 
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Fig.6.6 SEI image of a serrated spinel to glass boundary which is the result of chemical 
disequilibrium between the two phases. The melt composition was spinel 
oversaturated at the run temperature of this experiment. 
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Here L is growth distance, Dm is the diffusion coefficient in the melt, t is the run 

duration, and a is a parameter that is dependent on composition by the relation: 

Here Ci is the actual concentration of A120" C, is the AlP, concentration in spinel (see 

Zhang et al., 1989) . 

Assuming C,=70%, then b =0.0025, a = 0.001. For Dm= 10-7cm2/s and t=3600s, 

L-O.41"m. If Dm =10-<lcm2/s and t=3600s, then L-ll"m. For a worst case scenario 

where the actual concentration of Al20, is 31 % and the saturation concentration of Al20, 

is 30% , then a=0.017 and b=O.01. If Dm =10-<lcm2/s , then in one hour, L=121"m. 

Hence depending on the accuracy of compositional control, Dm and t, the growth distance 

could be significant This also holds for the dissolution rate where the melt is initially 

undersaturated at the run temperature with respect to spinel. 

6.5. RESULTS 

Diffusion experiments were performed at seven different temperatures. The 

results are listed in Table 6.2. The experiments at 1553, 1494, 1415 and 1261°C were 

conducted under conditions in which both spinel and melt can be treated as infinite 

sources. The value of the isotopic concentration at the boundary can be quite accurately 

determined from the set of diffusion profiles in the two phases. The measured data in 
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spinel is fitted to obtain the diffusion coefficient (D,p)' The diffusion coefficient in 

coexisting melt (D.J is then calculated from D,p and 0<. 

The results for these experiments are shown in Figs. 6.7-6.17. Figure 6.7 shows 

the chemical profiles measured in the glass for the experimental run at T = 1495°C. 

The chemical profiles in the glass from WDS analysis measured to within 5 p.m of the 

boundary show no significant variations in compositions of the chemical species and 

partially justify the assumption that spinel and melt were in chemical equilibrium. 

Isotopic abundance profiles for this run measured in both spinel and glass, with only a 

portion of the diffusion profile in the glass, is shown in Fig.6.8. The 28Si+ f24Mg+ ratios 

monitored during these analyses show the sharp drop off of Si across the glass to spinel 

boundary. Fig.6.9 is the variation of C2s1EMg, where C25 is the concentration of 25Mg 

in moles/cc and EMg the total Mg concentration, across a traverse in the spinel showing 

a penetration distance of about 50 p.m. Figure 6.10 shows the least square best fit of the 

data through equation 20 to determine D,p' The corresponding ion probe traverse for the 

melt in this same experiment is shown in Fig.6.11. Variations in ~5 in the glass are 

smaller in magnitude but extend to much greater distances (- 2mm). Using the 

measured data and equation 17a, the diffusion coefficient in the melt is determined 

through the relations 10, 17b, and 18. The calculated diffusion profiles in both regions 

are shown by the curves in Figs.6.8, 6.9 and 6.11. The agreement between the 

calculated profiles and the measured data for both spinel and melt is very good and 

serves as a fundamental check on the application of our diffusion model to the 

experimental data. The results from experiments at other temperatures (Figs. 6. 12-6.17) 
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Fig. 6. 7 a) Chemical profiles from WDS analysis showing concentrations of MgO, 
AI20 J • Si02 • and CaO in the melt as a function of distance from the spinel-melt 
interface. b) The percent deviation of each analysis from the mean concentration 
of respective oxides in the glass is shown in the four bar graphs. The relatively 
constant concentrations of these oxides indicate that spinel and melt is in chemical 
equilibrium. 
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Fig.6.S Concentration variation of 25Mg/EMg (filled square) in spinel and melt following 
diffusion experiment held at 1495°C for 2 hr. Mg isotope ratios are analyzed 
with an ion microprobe focussed to an ion beam diameter of about 5 /Lm. 
28Si/24Mg ratio (open square) is monitored to verify the spinel-melt boundary. 
The boundary value is determined by extrapolating the measured data in spinel 
and melt to the boundary. Mg isotope ratios are converted to moles per cubic 
centimeter and normalized to total Mg. 
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T=1495°C Run Duration = 2 hr. 

x (em) 2SMg/24Mg C2s/EMg 

0.00020 0.67938±0.00160 0.37351±0.00055 
0.00045 0.62038±0.00184 0.35250±0.00068 
0.00070 0.58397±0.00327 0.33882±0.00126 
0.00120 0.43351±0.00159 0.27558±0.00073 
0.00155 0.38243±0.00124 0.25127±0.00061 
0.00185 0.33298±0.00086 0.22613±0.00045 
0.00230 0.26690±0.00194 0.18977 ±0.00112 
0.00285 0.21811 ±0.00083 0.16065±0.00051 
0.00340 0.18194±0.00060 0 .13768±0.00039 
0.00440 0.14194±0.00045 0.11076±0.00031 
0.00530 0.12976+0.00039 0.10223±0.00028 

Fig.6.9 The concentration profIle in spinel shows penetration distance of about 50 jtm. 

The diffusion coefficient derived from a best fit of the measured data is 3.21 ± 
0.27 x 10.10 cm2/s. The fitted curve is the calculated diffusion profile using 
equation 17b. 
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Fig.6.10 Measured Mg isotope data in spinel are fitted through an inverse error function 
(equation 13) . The slope of the best fit line determines the diffusion coefficient 
of Mg in spinel (DJ. 
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Fig.6.11 Concentration profile in glass shows diffusion distance of over 2000 pm. 
The diffusion coefficient of Mg in the melt calculated from DR and a is 6.19 X 

10-7 cm2/s. The fitted curve is calculated from equation 17a. 



173 

T=1495°C Run Duration = 2 hr. 

x (em) 25Mg/24Mg C25/EMg 

-0.00075 0.75489±0.00278 0.39848±0.00088 
-0.00130 0.75505 ±0.00215 0.39853 ±0.00068 
-0.00190 0.75561±0.00200 0.39870±0.00064 
-0.00375 0.75553 ±0.00257 0.39868±0.00082 
-0.00570 0.75686±0.00287 0.3991O±0.00091 
-0.01085 0.76307±0.00188 0.40106±0.00059 
-0.02580 0.76720±0.00267 0.40236±0.00084 
-0.04580 0.77564±0.00275 0.40499±0.00086 
-0.06650 0.78260±0.00238 0.40715 ±0.00073 
-0.08630 0.78870±0.00208 0.40902±0.00064 
-0.10620 0.79325 ±0.00255 0.41042±0.00078 
-0.12660 0.79718±0.00158 0.41161 ±0.00048 
-0.14680 0.80110±0.00192 0.41280±0.00058 
-0.16700 0.80709±0.00273 0.41461±0.00082 
-0.18670 0.80731±0.00242 0.41467±0.00073 
-0.20670 0.80967±0.00217 0.41538±0.00065 
-0.22670 0.81296±0.00231 0.41637±0.00069 
-0.24640 0.81265±0.00292 0.41627 ±0.00087 
-0.26280 0.81343±0.00257 O.41651±0.00077 
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0.00560 0.12775 +0.00046 0.10081 ±0.OOO33 

Fig.6.12 Measured 25Mg concentration (C25) in spinel for the experimental run at 
1553°C. 
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Fig.6.13 Measured 25Mg concentration (ClS) in glass for the experimental run at 
1553 °C. 
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Fig.6.14 Measured 2SMg concentration (C2S) in spinel for the experimental run at 
1415°C. 
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Fig.6.IS Measured 25Mg concentration (C25) in glass for the experimental run at 
1415°C. 
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Fig.6.16 Measured 25Mg concentration (eL,) in spinel for the experimental run at 
1261°C. 
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Fig.6. 17 Measured 25Mg concentration (Cll) in glass for the experimental run at 
1261 °C. 
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show equally good fits to the measured data. 

In three previous experiments at 1497, 1354, and 1302°C, the diffusion profiles 

were measured only in spinel. The results for these three experiments are given in Figs. 

6.18-6.20. It can be seen that the fits of the measured data to calculated curves are also 

very good. The reason for not measuring the Mg isotope concentrations in the glass 

phase for these experiments will be discussed in a later section. It will be shown that 

using the data from these three experiments can be justified. I wish to emphasize that 

the results for activation energy and pre-exponential factor are unchanged if these data 

are omitted. 

T (0C) 

1553 

1497 

1495 

1415 

1354 

1302 

1261 

t (hr) 

0.5 

2 

2 

2.5 

8.17 

14.33 

20 

Table 6.2 
Experimental Results 

a DR(cm'/s) ± 2u 

0.0293 8.60 ± 0.15 X 10.10 

3.29 ± 0.47 X 10.10 

0.0227 3.21 ± 0.27 X 10.10 

0.0192 8.94 ± 1.11 X 10.11 

3.21 ± 0.44 X 10.11 

1.38 ± 0.14 X 10.11 

0.0215 6.80 ± 0.71 X 10.12 

Ddcm'/s) 

1.00 X 10" 

6.19 X 10.7 

2.43 X 10.7 

1.47 X 10-8 

DR is the diffusion coefficient of Mg in spinel, ex is the 
square root of DR over Db where DL is the diffusion 
coefficient of Mg in coexisting melt. 
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Fig .6.18 Measured 2'Mg concentration (Cn) in spinel for the experimental run at 
1497"C. 
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"" Fig .6.19 Measured Mg concentratIOn {C2, } m spmel for the expenmental run at 
1354 °C. 
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Fig.6.20 Measured 25Mg concentration (C25) in spinel for the experimental run at 
J302 °C. 
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6.6. ACTIVATION ENERGY OF Mg IN SPINEL AND MELT 

The temperature dependence of the diffusion coefficient for Mg self diffusion in 

spinel is obtained from the Arrhenius relation D=Do exp (-ElRT) (21). As can be seen 

(Fig.6.21), the data exhibit a good linear relationship on a log D versus liT plot. It 

follows that a single diffusion mechanism appears to govern the transport in spinel 

crystals. The activation energy (E) and pre-exponential factor Do derived by a linear 

regression of the experimental diffusion data are, respectively, 384± 7 Kj and 74.6± 1.1 

cm2/s. Our result is somewhat different from that reported by Lindner and Akerstriim 

(1958). The temperature dependent diffusion coefficients calculated from equation 21 

indicate an order of magnitude difference between the data from this study and that of 

Lindner and Akerstriim at the temperatures pertinent to melting of POls. Since their 

experiments were conducted on polycrystalline spinel aggregate, the faster rate from their 

data possibly reflect some combination of grain boundary and volume diffusion. 

The activation energy for Mg in the melts is deduced from the four experiments 

in which diffusion data for the melts is available. The activation energy derived from 

this analysis is 343±25 kJ and the pre-exponential factor is 7790.5±1.3 cm2/s. 

Although the melts are of different bulk compositions (Table 6.1), the linear relation of 

the diffusion coefficients derived from an Arrhenius plot (Fig.6.22) suggests that the 

diffusion coefficient is not a strong function of composition, thus a constant Dm can be 

assumed for all POI compositions of interest. 
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Fig.6.2l Temperature dependence of the diffusion coefficient for Mg self diffusion in 
spinel can be obtained from the Arrhenius relation D = Doexp(-ElRT). The 
activation energy E = 384 ± 7 kJ and pre-exponential factor Do = 74.6 + 1.1 
cm2/s is derived by a linear regression of the diffusion coefficient obtained from 
experimental data at different temperatures. 
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Fig.6.22 The diffusion coefficients in the melt, calculated with the constraints imposed 
by the solutions from Mg diffusion in coexisting spinel, is used to determine the 
activation energy of Mg in the silicate melt. From the available data in four 
experiments, the activation energy and pre-exponential factor is 343 ± 25 kJ and 
7791.9 + 1.3 cm 2 respectively. 
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6.7. EFFECTS OF THE BOUNDARY CONDITION 

A necessary parameter for the derivation of diffusion coefficients from equation 

17 is the concentration of the isotope species at the boundary. The accuracy of this 

boundary value will affect the diffusion coefficients derived from a least square best fit. 

Since the treatment of the diffusion equation also allows the determination of diffusion 

coefficients of a species for one phase from the diffusion coefficient of that species in 

coexisting phase, the effect of uncertainties in the boundary value to the diffusion 

coefficient of the species in each phase needs to be evaluated. 

In the experiments at 1553, 1495, 1415, and 1261 °C, the diffusion profiles in 

both phases were measured. The boundary values were extrapolated from measured data 

on both sides of the boundary to the boundary, thus these values were fairly well defined. 

This is supported by the fact that the fit of the measured data to the theoretical profiles 

in both phases is quite good (Fig.6.9-6.17). In the three other experiments (1497, 1354, 

and 1302 0c), the diffusion profiles in the melt were not measured because the amount 

of melt was not sufficient to treat it as an infinite source for the diffusion species. A 

major concern is whether the diffusion coefficients for these three experiments, extracted 

from the measured data in spinel, can be justified. The experiment at 1495°C in which 

an infmite source for both phases was achieved was conducted to see whether there is a 

significant difference in the diffusion coefficient to that for the experiment at l497°C. 

As can be seen in Figures 6.9 and 6.18, the diffusion coefficients derived from these two 

experiments are quite consistent (3 .21±0.27 X 10.10 and 3.29±0.47 x 10.10 cm2/s, 
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respectively) . The analysis shows that slight variations in the boundary value have only 

small effects on the diffusion coefficient of spineL However, when this same variation 

of the boundary value is used to calculate the diffusion coefficient in the melt using 

equation 10, the difference is significant. As shown in Figures 6.23-6.25, while the 

differences in the diffusion coefficients of spinel varies slightly (-10% for -20% 

variation in the boundary value), there is approximately an order of magnitude difference 

in the calculated diffusion coefficients for coexisting melts . 

The variation of diffusion coefficients in the melt, due to the different boundary 

values used, is shown in the Arrhenius plot (Fig.6.26). From each boundary value, one 

can determine an c; value. The line in the graph is the best fit line for the diffusion 

coefficients from the four experiments in which both spinel and melt data were measured. 

The two different symbols for each temperature represent the calculated two diffusion 

coefficients of each melt, using the two different c; values (see Figs.6.23-6.25), for each 

of the three experiments where melt data were not measured (i.e. , runs at 1497, 1354, 

and 1302°C) . The difference in the values for each temperature also illustrates the 

uncertainties of the diffusion coefficients in the melt if the boundary values were 

determined solely from the measured data in spineL It can readily be seen that these 

uncertainties are very significant. However, when these different boundary values were 

used to derive the diffusion coefficients for spinel, they still fit fairly well in an 

Arrhenius plot (Fig.6.27). The different effects of the boundary value on the diffusion 

coefficients in spinel and coexisting melt can be attributed to the fact that there is a steep 

gradient in the diffusion profile of spinel, in sharp contrast to that in the melt (see 
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Fig. 6. 8). As a consequence, slight variations of the boundary value would not 

significantly change the fit to the measured data in spinel but would result in a much 

enhanced effect upon the diffusion coefficient calculated for coexisting melt. For 

example, the diffusion coefficient in spinel at 1354°C calculated from a best fit of the 

measured data, using a boundary value 25Mg/EMg - 0.535, is 3.21 x 10'" cm2/s, while 

using 25Mg/EMg - 0.470 the diffusion coefficient is 3.04 x 10'''. However, this 

variation on the boundary value when translated into the diffusion coefficient of 

corresponding glass gives a much greater uncertainty. From the boundary values given 

above, the calculated diffusion coefficients for glass are, respectively, 7.78 X 10.8 and 

4.55 x 10-9 cm2/s. Generally speaking, from the boundary value determined through 

measured profile in the melt, the diffusion coefficient in spinel can be calculated fairly 

accurately through equation 10. However, the reverse is not true. Because of these 

uncertainties resulting from the functional difference shown in equation 17, I did not 

attempt to extract the diffusion coefficients for coexisting melt using the data for the 

three experiments where the isotope concentrations in the melt were not directly 

measured. 
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Fig_6.23 Demonstration of the effect of boundary value on the diffusion coefficient 
calculated from a best fit of the measured data in spinel using equation 17. The 
diffusion coefficient for spinel (D,p) at 1497"C, from curve 1 and 2, vary slightly, 
but the diffusion coefficient in coexisting melt (Dm) calculated through Ci differ 
by a factor of five. 
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significantly affected by variation on the boundary value, in sharp contrast to the 
difference in Dm of coexisting melt. 
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Fig.6.26 Diffusion coefficients of melts calculated from the two different ()( values (i.e. 
different boundary values) given in Figures 6.22-6.24 plotted in the Arrhenius 
diagram. The line is the best fit line in Figure 20. The diffusion coefficients 
calculated from different ()( values show very large uncertainties. 
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Fig.6.27 Diffusion coefficients of spinel calculated using the two different boundary 
values in Figures 6.22-6.24 showed negligible variation in the Arrhenius diagram. 
The best fit line is derived in Figure 19. 
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6.8. EXTRACTING DIFFUSION COEFFICIENT FROM COEXISTING PHASE 

The diffusion experiment that I used is an isotope exchange technique for phases 

in chemical equilibrium. This allows precise and simultaneous determination of diffusion 

coefficients in both phases. Since the diffusion coefficients in the coexisting phases are 

related by common parameters, it is possible to determine the diffusion coefficient of a 

species in the second phase from the measured data in the first phase and the initial and 

boundary values. One advantage of this technique is that the determination of a diffusion 

coefficient, which is limited by the slow diffusion rate of that species in the host phase, 

can be determined from the diffusion coefficient of the same species in a coexisting phase 

(e.g., melt) in which the diffusion rate may be several orders of magnitude faster. As 

a test, we used the diffusion coefficient of Mg extracted from a best fit to the measured 

data in the melt for the experiment at 1495°C and calculated the diffusion coefficient of 

Mg in spinel through the parameter cx . The diffusion coefficients of Mg in spinel derived 

from a best fit of the measured data in spinel and from that derived from the data in the 

coexisting melt are 3.21 ±0.27 x 10.10 and 3.01 ±0.40 x 10.10 cm2/s, respectively. This 

result shows these two approaches to be in reasonable agreement given the uncertainties 

in the analysis. Therefore, using this experimental technique and the treatment of the 

diffusion equation , indirect measurement of the diffusion species can be in a coexisting 

phase. This type of experiment may have broader application and can be applied to other 

elements (including Si and 0) and other mineral systems. It is believed that diffusion 

coefficients of 10·'4 cm2/s can be readily measured by the procedures described here. 
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CHAPTER SEVEN 

ORIGIN OF PLAGIOCLASE-OLIVINE INCLUSIONS 

In the preceding chapters, petrographical, chemical, and isotopic data of POls and 

associated mineral phases have been presented in detail. Experimental studies on 

compositions resembling that of POls were conducted to provide a framework to describe 

phase relations and crystallization paths for melts that cover a wide composition range, 

including POls and CACs. Mg isotopic heterogeneity, which was found to be common 

in POls, provided the motivation to initiate Mg self diffusion experiments in spinel and 

coexisting melts. Results from this study provided data to place constraints on the 

thermal history of these inclusions. 

The igneous texture and spheroidal shape of POls are consistent with 

crystallization from liquid droplets. Phase relations in most POls are consistent with 

crystallization from melts of their bulk compositions. However, there are several 

features that preclude formation by equilibrium crystallization or fractional crystallization 

from an initially homogeneous liquid. A major challenge is the reconciliation of the 

broad textural, chemical, mineralogical, and phase equilibria evidence suggestive of an 

overall igneous origin as compared with the more subtle but common isotopic evidence, 

and occasional phase assemblage evidence, suggesting the presence of relict phases and 

incomplete melting. 
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7.1. INTERPRETATION OF TEXTURAL AND CHEMICAL FEATURES 

The petrographical observations strongly suggest that POls experienced an igneous 

history. The subophitic texture common to many POls is similar to that found in rocks 

known to have crystallized from rapidly cooled melts. The porphyritic, barred, and 

radiating textures also found in several POls are commonly observed in chondrules and 

these textures have been re-produced in experimental studies (Lofgren, 1980; Lofgren 

and Russell, 1986; Tsuchiyama et aI., 1980). 

Experimentally determined phase equilibria in systems appropriate to POI bulk 

compositions also support the interpretation that POls crystallized from a melt. Both the 

mineral assemblages and the inferred sequence of crystallization in most of the natural 

POls are consistent with laboratory experiments on chemically similar synthetic systems. 

The bulk chemistry of CAls is usually attributed to early (high temperature) 

condensation from a solar gas. In comparison with CAIs, the POls (which are also rich 

in refractory elements) exhibit higher contents of the more volatile elements such as Na, 

Fe, and Cr (see Table 3.14). The fact that these elements are mainly contained in the 

unaltered primary phases (plagioclase, olivine, pyroxene, and spinel), indicates that they 

either were present or were incorporated in the POI precursor during melting, and were 

not "added later" by some gas exchange mechanism. The Na in the plagioclase of POls · 

is what one would expect for bulk compositions with 1-5 wt. % Na20 , consistent with the 

observed Na contents in POls. The concentrations of trace elements are qualitatively in 

agreement with experimental data of crystal/melt partitioning (Yurimoto and Sueno, 
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1984; Colson et al., 1988). Thus, to the extent that the bulk composition of the POI 

system can be approximated by the synthetic systems, the experimental data on the 

elemental distribution between crystals and melt are in good agreement with our data on 

natural and synthetic POls and suggest that substantial Na, Fe, and Cr were present in 

the POI parent melts during crystallization of the major silicates. 

The majority of the chemical and mineralogical properties of 16 of the 20 POls 

examined are compatible with an igneous origin. However, in four group 2 POls the 

presence of spinel contradicts the experimentally determined phase equilibria. Spinel 

should not crystallize at equilibrium from melts of the respective bulk compositions of 

ADEL-l, BG82CH1, SA-l and BG82CUa. In ADEL-l, BG82CH1 and BG82CUa, 

spinel is rare and strongly resorbed, and only occurs included within plagioclase. In SA­

l spinel occurs as rare inclusions in plagioclase, olivine and pyroxene. The extent of 

disequilibrium in ADEL-1 is emphasized by the presence of both spinel and tridymite in 

close proximity. Phase equilibria data (Longhi, 1987; Longhi and Pan, 1988) clearly 

show that these two phases are incompatible, and textures suggest that spinel is a relict 

phase. The strongly resorbed character of the spinels, with serrated and embayed 

boundaries, can readily be explained by reaction with a spinel-undersaturated liquid. The 

preservation of relict spinels in such a liquid at high temperature is possible only as a 

result of isolation of the spinels from the liquid by inclusion in early crystallizing 

plagioclase crystals. Relict spinel that remained in contact with the liquid would rapidly 

dissolve, explaining the low abundance of spinel in these POls. The preservation of 

relict spinel is also the most plausible explanation for the Cr-rich mantles on Cr-poor 
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spinel in inclusion 5ALLB6. Although spinel can be the earliest phase to crystallize in 

this inclusion, the large difference in Cr20, contents between core and mantle suggests 

that the coexisting spinels could not have crystallized from a single homogeneous melt. 

Based on the partitioning of Cr among spinel, olivine, and melt (see Chapter 5), it is 

apparent that the Cr-poor spinel core could not have crystallized together with the 

olivines from a liquid, whereas the Cr-rich spinel rims could. The petrographic and 

chemical evidence indicate that the Cr-rich rims were late overgrowth on the Mg spinel 

core. 

7.2. IMPLICATIONS OF IGNEOUS TEXTURE VERSUS Mg ISOTOPE 

HETEROGENEITY 

Ion microprobe analysis shows that at least seven POls are isotopically 

heterogeneous in Mg. Four of these seven are group 1 inclusions, two are group 2 

inclusions, one of which was reported by Kennedy et al . (1991), and another is a group 

3 POI. The presence of spinels with distinct Mg isotopic compositions suggests that 

some spinels are relict and carry the isotopic signature of a different source region. 

Relict phases can be identified by differences in isotopic composition (PMg) or by their 

occurrence in inclusions whose bulk composition does not allow crystallization of the 

phase. The compositions of the group 1 POls are spinel-saturated and thus relict spinels 

cannot be identified petrographically. However, difference in FM, between coexisting 

spinel and silicates and among spinels of up to 11 o/oo /amu, strongly suggest that some 
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spinels are relict. Four group 2 POls have spinel-undersaturated compositions and phase 

equilibria considerations require spinel to be a relict phase. Spinel is rare and small 

(~2J.1m) in this group of inclusions, making isotopic measurements very difficult. In two 

spinel-undersaturated POls, the observed differences in FMg between spinel and silicate 

support the identification of spinel as a relict phase. 

As shown in FigA.2, the isotopic fractionation of spinels in POls can favor 

enrichment in either the lighter Mg isotopes or in the .heavier Mg isotopes, but never 

both in the same inclusion. Fractionation effects in silicates, found in only 3 POls, have 

similar magnitude but always exhibit positive FMg values. This Mg isotopic signature 

clearly distinguishes POls from both refractory inclusions and chondrules. With the 

exception of crystals in the Wark-Lovering rims of some CAIs, most coarse-grained 

CAIs and chondrules are isotopically homogeneous in their 25Mgf24Mg ratios 

(MacPherson et aI., 1988). Types A, Band C CAIs generally exhibit little evidence of 

Mg isotopic fractionation and when isotopic fractionation is present, FMg is always 

positive. However, the occurrence of Mg isotope heterogeneity between spinel and 

silicates in a coarse-grained CAl was recently reported by Goswami et al. (1991) and 

Srinivasan et al. (1991). These observations indicate that many refractory objects 

(including some CAIs) were the result of multiple stages of processing of originally 

isotopically heterogeneous aggregates. Large, positive isotopic fractionation is found in 

FUN inclusions but most FUN CAls are also isotopically homogeneous (Wasserburg et 

al., 1977; Esat et at., 1978; Clayton et al., 1984). An important exception are the 

purple, spinel-rich Allende inclusions, some of which exhibit both large isotopic 



201 

fractionation and variations in PM, among coexisting phases (Brigham et a/., 1988; 

Brigham, 1990). Isotope fractionation in these inclusions is always positive and the 

isotopic heterogeneity is believed to reflect partial isotopic exchange during alteration. 

Many fine-grained inclusions, in contrast, are fractionated favoring the lighter Mg 

isotopes and are usually isotopically heterogeneous within individual inclusions (Brigham 

1990). The POls are thus distinguished from these types of inclusions as the first group 

of objects to exhibit both positive and negative Mg isotopic fractionation , and the first 

group of igneous-textured inclusions to exhibit heterogeneity in PMg with such frequency . 

A major challenge posed by the data is to understand the preservation of large Mg 

isotope heterogeneities in a class of objects whose textures would otherwise suggest 

crystallization from a homogeneous melt. Two possible models can be constructed 

within the constraints imposed by our data. One model assumes that each inclusion is 

an aggregate of grains from different sources that were not homogenized by subsequent 

thermal processes. Spinel containing isotopically fractionated Mg was one such precursor 

phase and was not completely melted , reacted, or isotopically exchanged during POI 

formation, thus retaining some part of its original isotopic signature. A requirement of 

this model is incomplete melting/reaction of the precursor material during POI formation 

and insufficient time for isotopic homogenization. In this model, the following 

conditions can be considered: 

a) Spinel and melt achieved chemical equilibrium during melting. 

If spinel and melt can reach chemical equilibrium during melting (i.e., the bulk 

composition of the POI melt was spinel saturated at the temperature of melting) , some 
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precursor spinels could be preserved. If spinel and melt were also in isotopic 

equilibrium, no isotopic variations would be observed among the resulting phases. In the 

case where spinel and melt were in isotopic disequilibrium, the preservation of "relict" 

isotopic signature in the spinel would depend on the duration of the melting event and 

the cooling rate. With decreasing temperature, more spinels would crystallize from the 

melt. These "newly" crystallized spinels would have acquired the isotopic composition 

of the melt. 

b) Spinel and melt were out of chemical equilibrium during melting. 

If the bulk composition of the POI melt does not allow spinel formation, spinels 

that were present in the precursor aggregate would dissolve. To preserve these spinels, 

the duration of melting must be either short enough and the cooling rate fast enough that 

the spinels had not enough time to react completely away. Alternatively, the spinels 

were isolated from the melt by inclusion in a saturation phase (e.g., plagioclase or 

olivine). If these spinels were also in isotopic disequilibrium with coexisting melt or 

with its enclosing phase, preservation of these "relict" identities depends on the diffusion 

rates of the isotope species. 

The alternative model proposed assumes that the inclusions formed from a single 

homogeneous source containing isotopically fractionated Mg. Partial isotopic 

reequilibration with an isotopically normal gas took place via sub-solidus gas-solid 

exchange which gave rise to the observed heterogeneity. This type of model has been 

used to explain the oxygen isotopic heterogeneities in eAls. This model requires large 

differences in Mg diffusion rates between spinel and silicates. 
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7.3. MODEL FOR POI FORMATION 

Based on the available data and the diffusion rate of Mg in spinel determined in 

this study, I believe there are several lines of evidence that strongly favor formation of 

POls by aggregation of isotopically dissimilar materials followed by partial melting. In 

this section the essential characteristics of POls are critically examined and a model for 

the formation of POls is presented. 

The data show large Mg isotopic heterogeneity between major Mg-rich silicates 

and oxides in POls; spinel and host silicates show variations in FMg of up to 11 %"/amu 

on a spatial scale of tens of microns. If POls originally formed as homogeneous melts 

containing isotopically fractionated Mg, which at some late stage reacted with a gas phase 

with normal Mg , the observed variations in FMg require that Mg diffuse much faster in 

olivine and pyroxene than in spinel. Since the silicates in POls are typically 10 to 50 

times larger in size than the spinels, the Mg self-diffusion coefficients in olivine and 

pyroxene must be - 100 times larger than that in spinel to preserve the fractionated Mg 

in spinels and replace the Mg in silicate phases to produce the observed isotopic 

heterogeneity. However, data from this study indicate that Mg self-diffusion in spinel 

is very rapid (D=7.638 x 10-11 cm2/s at l400 °C), whereas the value for forsterite is 

9.323 x 10-12 cm2/s at 1400°C (Freer, 1981), contrary to the requirements of this model. 

If the Mg isotopic heterogeneity were due to partial isotopic reequilibration during late 

stage alteration, in which some phases (e.g., silicates) were more susceptible to chemical 

and isotopic exchange with a gas phase, one would expect to observe some correlation 
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between the magnitude of isotopic exchange and the severity of alteration. However, no 

such correlation is observed in the POls. In contrast to CAIs, most POls, in fact, show 

remarkably little evidence of mineralogical alteration. Alteration of plagioclase to 

nepheline and sodalite or spinel to feldspathoid plus olivine, two common occurrences 

of secondary metamorphism in CAls, is rare in POls. No correlation between spinel 

chemistry and FMg was observed. The more Fe-rich spinels do not, in general, have 

lower FMg , as might be expected if diffusive exchange with a nebular gas at lower 

temperature were pervasive with the gas having normal Mg and a high Fe content. 

Thus, it is unlikely that POls originated as homogeneous melts and obtained their isotopic 

heterogeneity as the result of diffusive gas-solid exchange. 

The formation of POls from an assemblage of chemically and isotopically 

heterogeneous materials requires that the inclusions were never completely melted/ 

reacted, allowing the most refractory phase (e.g., spinel) to preserve its original isotopic 

signature. Both our petrographic observations of natural POls and the results of our 

experimental phase equilibria studies of melts with compositions similar to the more Ca­

AI-rich POls are consistent with this essential requirement. Five of the seven isotopically 

heterogeneous POls have spinel as the liquidus phase. Relict spinels included in a melt 

of this composition could, therefore, survive if the partial melt of the POI precursor were 

spinel-saturated, if the maximum temperature to which the POI was heated was below 

the spinel liquidus, or if the heating event were sufficiently brief to inhibit spinel 

dissolution and isotopic reequilibration between spinel and the melt. In a spinel­

oversaturated melt, corresponding to group I POls, it is possible that spinel crystallized 
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from the melt could coexist with isotopically anomalous, relict spinel in the same POI. 

Partial dissolution of some relict spinel also may occur during partial melting. Spinel 

crystallized from the melt would have a Mg isotopic composition reflecting that of the 

melt, whereas partially reacted, relict spinel would undergo some isotopic exchange with 

the melt and acquire an isotopic composition intermediate between those of the primary, 

relict spinel and the melt. The large range in F .... , observed in several POls, is 

considered a reflection of the presence of several generations of spinels. The remaining 

POI containing isotopically heterogeneous spinel, ADEL-I, belongs to petrographic group 

2 and spinel does not appear in the crystallization sequence. The highly resorbed 

appearance of the rare spinel found in this inclusion, provides independent evidence that 

spinel is a relict phase. 

Phase equilibria prohibits the presence of relict pyroxenes in group I POls since 

they would be the fust phase to melt for these bulk compositions. The variation of F .... 

among pyroxenes in two group I POls most plausibly can be attributed to the partial 

dissolution of relict spinel (with FMg > 0) and incorporation of some isotopically 

fractionated Mg in late crystallizing pyroxene. This scenario leads to the prediction that 

measured values of FMg in pyroxene must lie between the maximum FMg of relict spinel 

and the average FMg of the silicate precursor. In this case pyroxene with high FMg is 

possibly related to a local parcel of melt that contained dissolved spinels with fractionated 

Mg. 

The one inclusion containing plagioclase with isotopically fractionated Mg, PPX, 

is a group 2 POI and contains almost no spinel. The large difference in FMg between 
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plagioclase and olivine requires that either plagioclase is a relict phase, that olivine 

acquired its normal Mg isotopic composition by sub-solidus exchange with the nebular 

gas, or that relict spinel dissolved in plagioclase. Phase equilibria considerations permit 

the presence of relict plagioclase but petrographic observations of plagioclase laths 

intergrown with olivine phenocrysts suggest that both phases crystallized from the melt. 

Although the rate of Mg diffusion in plagioclase is unknown, the lack of alteration in 

POls does not favor sub-solidus exchange with a nebular gas. It is more likely that 

dissolved relict spinels provided local enrichments of fractionated Mg isotopes. The 

amount of spinel in plagioclase must be limited by the MgO content of plagioclase. 

The preferred scenario for the origin of POls consists of the following events 

(illustrated in Fig.7.1). (1) Formation of spinel containing isotopically fractionated Mg; 

spinel may contain isotopically fractionated Mg with FMg > 0 or FMg < 0, or may contain 

normal Mg. Some silicates may also have been present. (2) Formation of a separate 

silicate precursor material representing a wide range of bulk compositions but containing 

significant Na and Cr, and little refractory siderophiles. Some of these silicates must be 

produced by gas/solid fractionation during condensation/evaporation to produce Group 

II REE abundances (Sheng et al., 1991a). The silicate precursor material may have 

contained components with isotopically fractionated Mg but the average composition of 

most silicates was near FMg =0. The observation of plagioclase containing isotopically 

fractionated Mg in one POI attests to the presence of silicate precursors with FMg > 0 or 

the local dissolution of fractionated relict spinel. (3) Mixing of spinel and separate 

silicate precursor components. (4) A heating episode that melted the silicates but only 
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partially reacted or melted spinel. The Fe-rich olivine clusters embedded at the rims of 

many POls are believed to be material accreted from another source during the final 

solidification of the POls. (5) Relatively rapid cooling and little subsequent alteration 

to preserve isotopic heterogeneity. In some cases mesostasis or glass is preserved as a 

quench product of the melting event. 

The similarities in major element composition and in the extent of Mg isotopic 

heterogeneity between the POls and fine-grained Ca-, AI-rich inclusions suggest that the 

POI precursor material may be related to fine-grained inclusions. The observation of a 

Group II REE pattern in one POI, BG82CLII, (Sheng et aI., 1991a) also provides 

support for this argument. However, this POI contains spinel with large positive FMg• 

whereas most fine-grained inclusions are enriched in the lighter Mg isotopes. In fact, 

all but two of the fractionated POls are enriched in the heavier Mg isotopes. This 

behavior shows that even though POls and fine-grained CAls share many common 

chemical characteristics, there still exist essential differences prohibiting a simple and 
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Fig.7.1 Proposed model for formation of POls. The POls are considered to be formed 
from materials that originated from different Mg isotopic reservoirs. These 
materials with different Mg isotope fractionation (PMg) were mixed and 
subsequently melted/partially melted and rapidly cooled. Some relict spinels 
preserved their original Mg isotope signature. 
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direct relationship. 

7.4. "AI AS A RELATIVE CHRONOMETER 

The existence of excesses of 26Mg (26Mg") and of a correlation between 26Mg· and 

AI in some meteoritic samples has been confirmed by many investigations. The 

magnitude of the enrichments in 26Mg· is strongly correlated with the AlIMg ratio (Lee 

et al. , 1976; Lee et aI., 1977; Hutcheon, 1982), while most samples have 25MgP4Mg 

ratios within a few perrnil of the terrestrial value. This evidence strongly suggests that 

these enrichments were due to the addition of 26Mg· to normal Mg by the in situ decay 

of now extinct 26Al. The short halflife of 26A1 (T'h - 7.2 X 1O.5y) implies that 26AI must 

have been produced within a few million years of the formation of these meteoritic 

samples. If 26AI was present in the solar system at the time refractory inclusions formed, 

it must have been incorporated into their constituent phases together with normal 27 AI. 

Subsequent decay of 26AI to 26Mg· produced enhanced 26MgP4Mg ratios, the magnitude 

of which was proportional to the AlIMg ratio in a particular mineral phase. 

If we assume the presence of 26AI in the early solar system, its use as a 

chronometer relies on knowledge ofthe initial 26AlI27 AI ratio «(26AlI27 Al)o) , corresponding 

to the first formation of solid bodies. While the value of (26 AlP7 AI)o = 5 x 10.5 is typical 

for many CAIs, there are numerous other meteoritic samples that show lower ratios, 

including some that have (26 AI/27 AI)o '" 0 but with initial values (26MgP4Mg)o above 

terrestrial value (see Wasserburg and Papanastassiou, 1982; Hutcheon, 1982; 
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Papanastassiou ec aZ. , 1977). This raises a key issue of whether 26 Al was widespread and 

unifonn throughout the solar system or was heterogeneously distributed. If 26 Al were 

heterogeneously distributed, then it cannot selVe as a precise chronometer but only 

provides an indication of very early formation for those samples that show evidence of 

26Mg·. The different e6AIF' AI)o in various samples reflect the initial value of the parcel 

of material from which they fonned. 

If we assume that 26AI was initially uniformly distributed in the solar system and 

consider a scenario in which repetitive thermal events occurred in the early history of the 

solar system and heated or melted the dust particles, then it is possible that the 26AI clock 

was repeatedly reset prior to its total decay. The different f 6AI!"' Al)o values in different 

inclusions would indicate reprocessing of the sample after some time had elapsed. 

Melting of inclusions after the initial addition of 26 Al to the solar system, but while 26 Al 

was still alive, would result in lower (!6AW' AI)o with enriched 26MgP4Mg. If significant 

material with normal Mg was incorporated prior or during melting, the enrichment of 

26MgP4Mg in these inclusions could be concealed beyond the detection limits of the 

analysis. If melting of inclusions with high AUMg occurred after 26 Al has totally 

decayed, one would obselVe in these inclusions a f 6AIp7 AI)o value near zero, but with 

enriched 26MgP4Mg. Therefore, in the scenario described above, it is not necessary to 

assume heterogeneity in the distribution of 26AI in the early solar system to account for 

the various (26 AIITl AI)o values obselVed in different inclusions. These differences can be 

explained as the superimposed result of subsequent thermal event(s) (which occurred 

within a few million years of the injection of 26 Al in the solar system) that reprocessed 
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earlier formed material. If it is assumed that 26 Al was initially distributed homogeneously 

in the solar system, then the rare occurrence and significantly lower abundance of 26Mg· 

in POls relative to CAls would imply that POls formed at least 2.9 million years later 

than CAIs. 

7.S. COMPARISON OF ISOTOPIC HETEROGENEITY IN POls AND CAIs 

The Mg isotopic heterogeneity on a microscopic scale in POls is analogous to 

observations of oxygen isotope heterogeneity in refractory inclusions (Clayton el al., 

1977), where spinel and pyroxene and meWite exhibit strikingly different oxygen isotopic 

compositions. However, the oxygen in spinels is enriched in 160 and the differences in 

OISO between spinel and silicates do not reflect mass-dependent fractionation as found for 

Mg in POls. Oxygen in Type B CAIs follows the relationship 

0(,SO/160)",inc1 - 0('SO/160)melilil< = -30%0. 

This equation describes the largest and most widespread isotopic effect in terms of 

heterogeneity within a single, morphologically well-defined group of inclusions. In most 

CAIs, the Mg isotopic composition was found to be the same (and indistinguishable from 

terrestrial) in spinel, pyroxene, and melilite from the same CAl where the oxygen was 

highly anomalous for the spinel and pyroxene but much closer to "normal" for the 

melilite. Most CAls are generally assumed to have formed from an 160-rich reservoir 

and to have acquired their oxygen isotopic heterogeneity through gas-solid diffusive 

exchange with a gas containing essentially normal oxygen. In this model the isotopic 
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heterogeneity arises from presumed large differences in the rates of oxygen diffusion in 

spinel, pyroxene, and melilite. The minerals melilite and to some extent pyroxene were 

assumed to be susceptible to reaction with an I·O-depleted nebular gas, producing a large 

shift in the oxygen isotope composition of the melilite, but only small shifts in the other 

phases. It is noted that the extent of the shifts in oxygen isotopes is directly related to 

the degree of alteration of the mineral phase. Although this model is widely accepted, 

recent experimental measurements of oxygen diffusion rates in spinel, diopside and 

melilite (Yurimoto er a1., 1989; McKeegan and Ryerson, 1990) require a reexamination 

of the critical assumptions. Divergent laboratory data for oxygen self-diffusion in 

different phases have led to contradicting views as to the ability of the gas-solid exchange 

model to explain the oxygen isotopic heterogeneity. Oxygen diffusion rates reported by 

Yurimoto er al. (1989) are two to four orders of magnitude lower than rates previously 

reported (Hayashi and Muehlenbachs, 1986), leading them to question the diffusion 

controlled model for oxygen isotopic differences between melilite and spinel/pyroxene 

in CAIs. McKeegan and Ryerson (1990) , based on their new data, also questioned the 

production of the oxygen isotopic anomalies in CAls by diffusive exchange. Clearly, the 

justification of this model depends on accurate diffusion data. 

Oxygen isotope compositions were not analyzed for POls. Oxygen diffusion data 

(see Freer, 1980; 1981) suggest that if there was oxygen isotopic exchange between POI 

and nebular gas, we should observe a significant difference in the oxygen isotopic 

composition between spinel and plagioclase and olivine. The absence of pervasive 

alteration in POls suggests that post formational reaction between POI and nebula gas 
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was not substantial, thus shifts in oxygen isotopes probably would not be observed even 

if there were differences in the oxygen isotopic compositions of POls and the ambient 

gas. Alternatively, it might have been that the temperature of the nebular gas was too 

low for diffusive exchange to be in effect subsequent to POI formation . It is also likely 

that the oxygen isotope exchange between solids and gas occurred before the formation 

of POls, thus evidence of oxygen heterogeneity that might have existed in POI precursor 

was erased upon melting. This needs to be evaluated by oxygen isotope analysis of 

POls. 

The proposed POI formation model underscores a major difference in the way in 

which POls and CAIs obtained their respective Mg and oxygen isotopic heterogeneity. 

The Mg isotopic heterogeneity of POls reflects the inherited Mg isotopic variability of 

relict spinel, whereas the oxygen isotopic heterogeneity in CAIs is most plausibly 

produced during post-crystallization exchange between silicates and the nebular gas. 

7.6. EXPERIMENTAL CONSTRAINTS ON THE THERMAL HISTORY OF 

POls 

7.6.1. T max for POls 

The existence of isotopic anomalies places a number of constraints on the thermal 

history of POls. Since bulk POls have FMg - 0, any spinel that crystallized from the bulk 

melt also would have FMg-O. The common existence of relict spinel with FMg~O 
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included in a host that crystallized from a melt, means that the maximum temperature 

(T..,.J to which POls were subjected was high enough to cause extensive melting, but 

below the appearance temperature of spinel at least for some inclusions. In addition, the 

heating event was insufficiently long to homogenize the Mg isotopes. Thus, some 

precursor spinels in these inclusions survived the melting event. 

The results of the phase equilibria study also provide criteria to identify relict 

phases in individual POI assemblage. For melt compositions in which spinel is not 

allowed to crystallize at any temperature under equilibrium conditions, the presence of 

resorbed spinel in that assemblage requires the spinel to be a relict phase. This is the 

case for many of the spinel-bearing group 2 POls. If these spinels initially possessed an 

isotopically different signature, the characteristic would be preserved, as in ADEL-l, 

provided that they were not given sufficient time to reequilibrate. 

In group I POls, the phase equilibria criteria cannot be used for identification of 

spinel as a relict phase since melts corresponding to the bulk compositions of these 

inclusions are spinel saturated. However, Mg isotopic analyses indicate that in most of 

these inclusions, the spinels are not in isotopic equilibrium with their coexisting silicates. 

If the maximum melting temperature (T ... J was within the spinel stability field but the 

time at TOW( was so short that relict spinels could not approach equilibrium with the melt, 

the cores of these spinels would reflect the compositions of the original spinel, while the 

rims would assume the Mg isotope signature of the melt. Thus, ignoring diffusion 

effects, the spinel core and rim would have different isotopic identities. Due to the small 

size of most spinels in POls, it was not possible to discriminate the core from the rim 



1800 

1700 

T Uq Cc) 

1600 

1500 

216 

Relation between I 'iIIg I in Sp and calculated Tuq 
of Sp-saturated POI 

/ 
N , 

, / I 
I / , 

/ I 
I 

/ I 

I 
~ 

/1 I , " . , 

/ 

/ 
V 1400 
o 2 4 8 10 12 

Fig.7.2 Correlation between the range of Mg isotope fractionation (I FMg D observed in 
spinels of individual POI and the calculated liquidus temperature (Tu,J for a melt 
of the bulk composition of corresponding POL 



217 

in the ion microprobe analysis. The analysis reflects the average value of the sputtered 

volume of the spinel. If all relict spinels in each POI initially had similar FMg, then, 

depending on the relative volume of relict and overgrowth spinel analyzed, one would 

expect a variation in the FMg of spinels within a POI; the more relict spinel preserved, 

the more likely one was to observe values reflecting mostly the relict core. 

The liquidus temperature of POls calculated using a model by Berman (1983) 

places a limit on the T ~ for those inclusions that preserved relict spinel. Based on 

phase equilibria analysis , the appearance temperature of silicates in group I POI melts 

(:514{)()°C) is much lower than that for spinel (> 1430°C). The rare occurrence of 

isotopically fractionated Mg in silicates is likely an indication that the temperature of the 

melting event was near or above the temperature of first appearance of the silicates. As 

shown in Fig.7.2, the calculated liquidus temperatures for the group 1 POls varies from 

about 1430 to 1750· C. The appearance temperature of silicates in these POls is about 

1325-1400°C. Since the modal abundance of the spinels in these POls ranges from 5-

25%, any temperature above 1400· C would result in mostly (>75%) melted POls. For 

some inclusions, a temperature of 1350· C would be sufficient to make them mostly 

melted. Calculations show that T ~ could be as high as 1700°C for one inclusion 

(containing 25 wt % spinel) and yet still preserve 5 wt % relict spinel. Such a high 

melting temperature is unlikely because it would require that the remaining 20 wt % of 

the spinels in this inclusion crystallized from a homogeneous melt, contrary to the Mg 

isotope data, which indicate that a much larger fraction of the spinels were relict 

(Fig.7.2). An acceptable T=x would also have to take into account the amount of time 
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that can be maintained at that temperature, and the cooling rate required to preserve Mg 

isotope heterogeneity in the inclusion. The cooling rates should also be compatible with 

the textures observed in the inclusions. These constraints will be discussed in a later 

section. 

The plot of I FMg I in spinel versus the liquidus temperature (T L;q) for the 

composition of group 1 POls (Fig. 7 .2) shows a relation between the amount of spinel 

(reflected by Tuq) and the range of Mg fractionation. The higher FMg values observed 

in the POls with higher T L;q are likely associated with preservation of more relict spinels. 

The range of FMg from 0 to 6 %0 for the inclusion with a T L;q of 1520°C suggests that 

a significant portion of the spinels in that inclusion grew from a homogenized melt. 

Fig. 7.2 also shows that the POls whose T uq are above 1500°C exhibit isotopically 

fractionated Mg, while those below that temperature show normal Mg. If these POls 

experienced similar thermal events, it is inferred that the T"",x is approximately 1500°C. 

Higher melting temperatures would have erased the Mg isotope heterogeneity in most of 

the POls. For compositions in which a silicate phase is the first liquidus phase, it is also 

possible that some silicates were relict. However, neither the phase equilibria data nor 

the chemical and isotopic compositions provide sufficient evidence to prove the 

preservation of relict silicates. 

7.6.2. Cooling Rates of POls 

The diffusion data from my experiments provided accurate data on the activation 
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Fig.7.3 For spinel grain with a radius of 5 and 10 ILm , the diffusion data from our 
experiments constrain time that the spinel can be maintained at a certain 
temperature and still allow preservation of Mg isotope heterogeneity in spinel. 
This does not account for the time elapsed during heating or cooling of the 
inclusion and thus represents an upper limit on the duration of the heating event 
at Tn"",' In order to preserve Mg isotopic heterogeneity at a heating temperature 
of l500 °C, the maximum amount of time allowed is less than one hour. 
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energy for diffusion of Mg in spinel and allows us to evaluate the nature of the thermal 

event(s). The temperature dependent diffusion coefficient of Mg in spinel is used to 

evaluate the duration, thermal limits, and the nature of the heating process that partially 

melted the POls. I also discuss the possible initial cooling rates of these partially melted 

droplets following a heating event. 

If we take spinel of a certain grain size x and plot the estimated homogenization 

time (x2 = DR!) versus temperature (Fig.?3), the maximum time that a spinel and melt 

can be maintained at any specified temperature and still preserve Mg isotope 

heterogeneity in POls can be approximated. For example, assuming a spinel with radius 

of 10 I'm (the maximum grain size of spinel in POls), the homogenization time at 

1500°C is less than one hour. At an elevated temperature of 1700°C, Mg isotopic 

homogenization would occur within a few minutes (Fig.?3). Even if the maximum 

temperature were only 1350°C, the isotopic heterogeneities in POI spinels would not be 

expected to survive more than a few hours. Clearly, a short thermal event is implied. 

A more realistic scenario for the thermal history reflected in POls can be obtained 

by considering the case of instantaneous heating to a maximum temperature followed by 

cooling. We can define the time integral of the diffusion coefficient 

If we integrate the above equation over a sufficiently long time so that diffusion 

effectively ceases, the total time integral r( 00) of the diffusion coefficient from an initial 
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temperature To to freeze out (D - 0) is 

where the temperature T IS some function of time t. As shown by Kaiser and 

Wasserburg (1983), 

RTaDo e -ER/T. 
m 

p E 

R~D(T~ 
a 

roE 

where the initial cooling rate ro is related to the fractional cooling rate p (Goldstein and 

Ogilvie, 1965) by the relation ro = pTa. Using the above equation, the characteristic 

diffusion distance is given by 

Let us regard the penetration distance x as the minimum grain size (radius) of the spinel 

that will preserve the isotopic heterogeneity. By plotting ro versus To, for a given grain 

size, the initial cooling rate can be determined if the initial or maximum melting 

temperature (To) is known. 

The dependence of initial cooling rate (ro) on To for given x, calculated using this 
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Fig.7.4 a) Calculated curves showing the dependence of initial cooling rate (ra) upon 
temperature (To) for respective grain with radius of 5, 10, and 15 Jlm. At a 
specified temperature, Mg isotope heterogeneity can be preserved in spinel of a 
given grain size if the initial cooling rate is greater than that defined by the 
calculated curve for that grain size. Spinels in POls are generally smaller than 
5 Jlm, thus in order to escape Mg isotope homogenization we would expect initial 
cooling rates greater than 25°C/hr at suggested melting temperatures of POls. 
b) Details of the cooling curves at lower temperatures. 
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relation is shown in Fig.7.4. The initial rates at To=1500°C for x of 5,10, and 15!Lm 

are, respectively, 356, 89, and 40°C/hr. For a 10!Lm grain size, homogenization would 

occur if the cooling rate is slower than 89 ° C/hr, or, for ro of 89 ° C/hr, grain sizes of less 

than 10 !Lm would be homogenized. Thus, for any given spinel grain size and To, a 

lower limit on the ro that would allow preservation of initial isotopic compositions can 

be determined. 

Since isotopically fractionated Mg was observed in 5 !Lm spinel grains, we can 

consider a lower limit on the initial cooling rate for given To. In order to preserve Mg 

isotopic heterogeneity, the minimum initial cooling rates for this grain size at To= 1350, 

1400, and 1500° are, respectively, 25, 64, and 356°C/hr. These lower limits on the 

cooling rates are comparable to or up to ten times greater than those inferred from 

experimental and textural studies of synthetic CAl systems (Wark and Lovering, 1982; 

MacPherson et at., 1984; Stolper and Paque, 1986). If To were 1600°C or higher, the 

required cooling rate would be at least several thousand degrees per hour, contradicting 

the observed textures in these POls. On the basis of POI textures and observed Mg 

isotope heterogeneities, it is considered that the possible temperature range to which the 

POls were subjected and which caused them to be dominantly melted was about 1350-

1500°C. It also appears that the igneous textures of POls are generally compatible with 

the cooling rates estimated to produce CAl textures, but much faster rates, which would 

still preserve isotopic heterogeneity, may be inconsistent with petrographic observations. 

Experimental studies of textures of POI composition melts as a function of cooling rate 

will be required to address this issue. Faster cooling rates, however, would be 
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compatible with the glassy and skeletal textures of CACs (Bischoff and Keil, 1984). 

Thus, if isotopically heterogeneous aggregates were also their precursor, and if the 

temperature did not exceed their liquidus, isotopic heterogeneity may also be preserved 

in CACs. The lower limits on cooling rates for POls are much lower than radiative loss 

cooling rates of mm-size droplets in a cold nebula (MacPherson el al., 1984). This 

would therefore require formation of POls in a relatively hot region or parcel of the 

nebula. 

There are similarities and differences in the melting process inferred for POls 

(this study) and CAls (Stolper and Paque, 1986). The liquidus temperature of an average 

Type B CAl composition is about 1550°C (Stolper and Paque, 1986), which is within 

the liquidus temperature range for group 1 POls. The melting temperatures of Type B 

CAls, which they inferred from their experimental studies, is between 1400 to 1500°C, 

similar to the temperature range inferred for POls, but the cooling rate they inferred for 

CAls appears to be slower. For To= 1420°C and r ~ 20°C/hr, as suggested for some 

Type B CAls from laboratory study of textures as a function of cooling rates (Stolper and 

Paque, 1986), our calculations show 

x = D(1693"K) R 16932 
= 11 m 

20 E I.l 

Thus spinels less than 11 !lm radius would be isotopically homogenized in Mg. If CAls 

initially contained spinel or other similar relict phases of this size with fractionated Mg, 

they would consequently be reequilibrated at this slower cooling rate. The presence of 

Mg isotope heterogeneity in POls and the results of the diffusion experiments provide 
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one of the most direct means of establishing a constraint on the thermal history of these 

inclusions. The presence or absence of Mg isotopic heterogeneity could be used as a 

measure of the To and cooling rate not only of POls but also of other types of refractory 

inclusions and chondrules if we assume that these objects had sampled similar material. 

7.6.3. Possible Heat Source 

The scenario of POls formed in the solar nebula by melting of pre-existing solids 

is similar to that generally accepted for processing of CAls and chondrules. There is, 

however, no consensus as to the heat source responsible for these thermal processing 

events. Possible heat sources proposed by various authors include lightning strikes, 

magnetic flaring, melting at shock fronts, frictional heating, transient heating events 

associated with the primitive sun , impact melting, and splashing in collision. The pros 

and cons of these various processes have been reviewed in many studies (e.g., Wasson, 

1972; Wood and McSween, 1977; Dodd, 1978; Lux et ai., 1981; Taylor et aI., 1983; 

Stolper and Paque, 1986; Grossman, 1988) and will not be discussed here. 

Although the data from this study does not provide an unambiguous choice of the 

heat source for the formation of POls, a number of criteria have to be satisfied. That 

the POls were extensively melted suggest melting temperatures greater than 1350°C. 

The fact that POls retained large amounts of relatively volatile elements such as Na 

indicate that the heating events were quite short. This is further established by the 

presence of isotopic heterogeneity and the preservation of relict phases which require 
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very short heating events, of the orders of minutes or less in duration, and cooling rates 

of a few hundred °C/hr for melting temperatures ~ ISOO°C, and for temperature of 

13S0°C, the heating event must be less than 2 hours followed by cooling rates in excess 

of 2SoC/hr (see Figs. 7.3, 7.4). It is assumed that these cooling rates would be 

compatible with the observed textures. This range of cooling rates also implies that 

POls, like CAls (MacPherson et aI., 1984), did not cool by freely radiating into cold 

space. Rather, cooling must have taken place in an environment that would prevent very 

rapid dissipation of heat. Some possible scenarios that can be envisioned to produce such 

environments are: I) flash heating in a hot parcel or region of the nebula which was 

sufficiently opaque; 2) impact melting in which the melted or partially melted inclusions 

were immersed in a hot and sufficiently dense parcel created during the impact. Other 

scenarios also can be possible as long as the melting and cooling requirements are met. 

7.7. CONCLUSIONS 

POls are a group of objects that possess distinct chemical, mineralogical and 

textural characteristics. POls are igneous inclusions, as indicated by both their textural 

characteristics and by the fact that their observed phase assemblages and crystallization 

sequences are, in general, consistent with that predicted for melts of their respective bulk 

compositions. The observations also show that although POls have been melted/partially­

melted, some of them contain relict spinel that preserves an earlier isotopic identity. The 

spinel-bearing precursor material originated from reservoirs containing isotopically 
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fractionated Mg. The isotopically fractionated material was later mixed with silicates 

whose average isotopic composition was approximately normal and was then heated such 

that the silicates melted but some spinel survived, generating the igneous texture but 

cooling at a rapid rate so that some relict spinels were preserved, maintaining the Mg 

isotopic heterogeneity. The temperatures of melting of POls is believed to be in the 

range of 1350-1500°C, the duration of these heating events was < < I hr. The results 

from the Mg self diffusion experiments in spinel show that for melting in this 

temperature range, the initial cooling rate was > 25 °C/hr and possibly up to several 

hundred degrees per hour. This appears to be faster than the cooling rate of a few tenths 

to - 50°C/hr for CAIs. 

The formation of POls suggests a broader connection and wider affinity with 

CAls and chondrules. The formation of POls requires multiple processes, including 

condensation, dust/gas fractionation, mixing and aggregation of chemically and 

isotopically heterogeneous materials and partial melting. It appears that these materials 

reflect an ongoing and repeated sequence of mixing and partial melting, evaporation and 

re-condensation, affecting the metal oxides. These processes are common to most CAls 

and many chondrules. Let us consider a starting material of different parcels of 

interstellar dust grains each having slightly different isotopic compositions . These parcels 

were rapidly heated by localized processes of unknown nature producing condensates that 

then reaggregated . This reprocessing took place in a similar fashion over an extended 

time scale of several million years. The CAls are considered to be produced by 

relatively early melting of refractory condensates or evaporative residues produced by 



229 

the above processes. The CAls were homogenized during melting, but exhibit 

characteristic isotopic anomalies from sample to sample reflecting their parent material. 

The POls are considered to be produced later, based on the 26Mgo/AI ratios, by mixing 

of some earlier processed material incorporating more MgO, Si02 as well as less 

refractory material enriched in Na20, Cr20 3 and MnO. The degree of isotopic 

homogeneity of the final POI is mainly a reflection of their individual thermal histories. 

The major differences between Type B CAls and the POls reflect the types of material 

that were aggregated, the temperatures to which they were heated , and the timing of the 

last thermal metamorphic event. POls were heated to a lower temperature or, more 

likely, cooled more rapidly than most CAls, preserving some phases that retained their 

original isotopic identity. The melting occurred after most 26AI had decayed. It is also 

possible that some CAls are, in fact, formed (or rather, reformed) at a late time. This 

would explain the absence of 26 Al in some CAls as distinct from a model requiring that 

26AI be distributed very heterogeneously in the solar nebula. It is considered that these 

processes (both for CAls and POls) affected the dust and reprocessed, remelted dust after 

most of the nebular gases had dissipated. It is also considered that the formation of POls 

post dated the extensive (but not understood) oxygen isotopic exchange between solids 

and gas that were recorded in many CAls. The melting of POls is probably by flash 

heating, such as impact melting, in a hot parcel or region of the nebula, or which was 

sufficiently opaque to prevent rapid dissipation of heat. The absence of 26AI in most 

POls suggests heating occurred a couple of million years after CAl formation. Thus 

repetitive heating events may have frequently generated or reprocessed refractory 
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residues which may not have been primary residues but reflect similar heating processes 

over a prolonged timescale of very early solar system history. 



231 

REFERENCES 

Allen J.M., Grossman L., Davis A.M. and Hutcheon LD. (1978) Mineralogy, texture and 
mode of formation of a hibonite-bearing Allende inclusion. Proc. Lunar Sci. Conf. 9, 
1209-1233. 

Anders E. and Grevesse N. (1989) Abundance of the elements: Meteoritic and solar. Geochim. 
Cosmochim. Acta 53, 197-214. 

Andersen C.A. and Hinthorne J.R.(1972) Ion microprobe mass analyzer. Science 175, 853-
860. 

Andersen O. (1915) The system anorthite-forsterite-silica. Am.J .Sci. 39 (Fourth Series), 407-
454. 

Armstrong J .T. (1984) Quantitative analysis of silicate and oxide minerals: A reevaluation of 
ZAF corrections and proposal for new Bence-Albee coefficients. In Microbeam Analysis 
(eds. A. Romig and 1.I. Goldstein), 208-212. San Francisco Press. 

Armstrong J.T., Hutcheon 1.0 . and Wasserburg G.J. (1984) Fremdlinge in Leoville and 
Allende CAl: Clues to post-formation cooling and alteration. Meteoritics 19, 186-187. 

Beckett J.R. (1986) The origin of calcium-, aluminum-rich inclusions from carbonaceous 
chondrites: An experimental study. Ph.D. Thesis, U. of Chicago. 

Beckett J.R. and Grossman L. (1988) The origin of type C inclusions from carbonaceous 
chondrites. Earth and Planet. Sci. Lett. 89, 1-14. 

Beckett J.R. , Spivack A.J. , Hutcheon 1.0. , Wasserburg G.J. and Stolper E.M. (1990) 
Crystal chemical effects on the partitioning at trace elements between mineral and melt: 
An experimental study of melilite with applications to refractory inclusions from 
carbonaceous chondrites. Geochim. Cosmochim. Acta 54, 1755-1774. 

Begemann F. (1980) Isotopic anomalies in meteorites. Rep. Prog. Phys. 43, l309-l356. 

Bence A.E. and Albee A.L. (1968) Empirical correction factors for the electron microanalysis 
of silicates and oxides. J .Geo!. 76, 383-403. 

Berman R.G. (1983) A thermodynamic model for multicomponent melts, with application to the 
system CaO-MgO-Alz0 3-Si02 . Ph.D Thesis, Univ. of British Columbia. 

Bischoff A. and Keil K. (1983) Ca-AI-rich chondrules and inclusions in ordinary chondrites. 
Nature 303, 588-592. 

Bischoff A. and Keil K. (1984) AI-rich objects in ordinary chondrites: Related origin of 



232 

carbonaceous and ordinary chondrites and their constituents . Geochim. Cosmochim. 
Acta 48,693-709. 

Bischoff A., Keil K. and Stamer D. (1985) Perovskite-hibonite-spinel-bearing inclusions and 
AI-rich chondrules and fragments in enstatite chondrites. Chem. Erde 44,97-106. 

Bischoff A., Palme H. and Spettel B. (1989) AI-rich chondrules from the Ybbsitz H4-chondrite: 
evidence for formation by collision and splashing. Earth and Planet. Sci. Lett. 93, 170-
180. 

Blander M. and Fuchs L.H. (1975) Calcium-aluminum inclusions in the Allende meteorite: 
evidence for a liquid origin. Geochim. Cosmochim. Acta 39, 1605-1619. 

Blander M., Planner H.N. and Keil K. (1976) The origin of chondrules; experimental 
investigations of metastable liquids in the system Mg2SiO,-Si02 . Geochim. Cosmochim. 
Acta 40, 889-896. 

Hoctor N.Z., Hutcheon I.D. and Wasserburg G.J. (1988) Petrology of a plagioclase-rich 
forsterite-bearing Allende inclusion. Lunar Planet. Sci. Conf. XIX, 110-111. 

Boctor N.Z., Hutcheon I.D. and Wasserburg G.J. (1989) Petrology and opaque mineralogy 
of an armalcolite-bearing basaltic CAl from the Allende meteorite. Lunar Planet. Sci. 
Conf. XX, 88-89. 

Bowen N.L. (1914) The ternary system diopside-forsterite-silica. Am.J.Sci. 38 (Fourth Series), 
207-264. 

Boynton W.V.(1975) Fractionation is the solar nebula, condensation of yttrium and the rare 
earth elements. Geochim . Cosmochim. Acta 39, 569-584. 

Boynton W.V. (1984) Cosmochemistry of the rare earth elements: Meteorite studies. In Rare 
Earth Element Geochemistry (ed. P . Henderson), 63-115 . Elsevier. 

Brigham C.A. (1990) Isotopic heterogeneity in calcium-aluminum rich meteoritic inclusions. 
Ph .D Thesis, California Institute of Technology. 

Brigham C.A., Hutcheon I.D., Papanastassiou D.A. and Wasserburg G.J. (1988) Isotopic 
heterogeneity and correlated isotope fractionation in purple FUN inclusions. Lunar 
Planet. Sci. Cont. XIX, 132-133. 

Castaing R. and Slodzian G. (1960) Microanalyse par emission ionique secondaire. Proc. Eur. 
Reg . Conf. on Electron Microscopy, Delft 1, 169-172. 

Castaing R. and Slodzian G. (1962) Microanalyse par emission ionique secondaire. Microscopie 
1, 395-410. 

Catanzaro E.J., Murphy T.J., Garner E.L. and Shields W.R. (1966) Absolute isotopic 



233 

abundance ratios and atomic weight of magnesium. J. Res. Natl. Bur. Stand. 70A, 453-
458. 

Chen J.H. and Tilton G.R.(1976) Isotopic lead investigation on the Allende carbonaceous 
chondrite. Geochim. Cosmochim. Acta 40, 635-643. 

Chou C., Baedecker P.A. and Wasson J.T. (1975) Allende inclusions: volatile-element 
distribution and evidence for incomplete volatilization of presolar solids. Geochim. 
Cosmochim. Acta 39, 85-94. 

Christophe Michel-Levy, M. (1968) Un chondre exceptionel dans la metoorite de Vigarano. 
Bulletin de la Societe Francaise de Mineeralogie et de Cristallographie 91, 212-214. 

Clark S.P.,Jr., Schairer J .F., and de Neufville J. (1962) Phase relations in the system 
CaMgSi,o,-CaAl,SiO,-SiO, at low and high pressure. Carnegie Inst. Wash. Yb. 61,59-
68. 

Clayton D.D. (1982) Cosmic chemical memory: A new astronomy. Ouar. J. Roy. Astron. Soc. 
23, 174-212. 

Clayton R.N., Grossman L. and Mayeda T.K. (1973) A component of primitive nuclear 
composition in carbonaceous meteorites. Science 182, 485-488. 

Clayton R.N., Mayeda T.K., and Molini-Volsko C.A. (1985) Isotopic variations in solar 
system material: evaporation and condensation of silicates. In Protostars and Planets II 
(eds. D. Black and M.S. Matthews), 755-771. Univ. Arizona Press, Tucson. 

Clayton R.N., Onuma N., Grossman L. and Mayeda T.K. (1977) Distribution of pre-solar 
component in Allende and other carbonaceous chondrites. Earth Planet. Sci. Lett. 34, 
209-224. 

Clayton R.N., MacPherson G.J., Hutcheon I.D. , Davis A.M., Grossman L., Mayeda T.K., 
Molini-Velsko C., Allen J.M. and El Goresy A. (1984) Two forsterite-bearing FUN 
inclusions in the Allende meteorite. Geochim. Cosmochim. Acta 48, 535-548. 

Coles J.N. and Long J.V.P. (1973) An ion-microprobe study of the self-diffusion of Li+ of 
lithium fluoride. Philos. Mag. 29, 457-471. 

Colson R.O., McKay G.A. and Taylor L.A. (1988) Temperature and composition dependencies 
of trace element partitioning: Olivine/melt and low-Ca pyroxene/melt. Geochim. 
Cosmochim. Acta 52, 539-553. 

Crank J. (1975) The Mathematics of Diffusion. Claredon Press, Oxford, 414 p. 

Cygan R.T. and Lasaga A.C. (1985) Self-diffusion of magnesium in garnet at 750° to 900°C. 
Amer. 1. Sci. 285, 328-350. 



234 

Deer W.A., Howie R.A. and Zussman J. (1978) Rock-forming Minerals, Vol.2A, Single-chain 
Silicates. Halsted Press, 668 p. 

DeVries R.C. and Osborn E.F. (1957) Phase equilibria in high-alumina part of the system CaO­
MgO-Al,O,-SiO,. J. Amer. Ceram. Soc. 40, 6-15. 

Dodd R.T. (1978) The composition and origin of large microporphyritic chondrules in the 
Manych (L-3) chondrite. Earth Planet. Sci. Lett. 39, 52-{i6. 

El Goresy A. (1976) Oxide minerals in lunar rocks. MSA short course notes: Oxide minerals. 
(ed. D. Rumble), Chap.6. 

El Goresy A., Nagel K. and Ramdohr P. (1978) Fremdlinge and their noble relatives. Proc. 
Lunar Sci. Conf. 9, 1279-1303. 

Esat T.M., Lee T ., Papanastassiou D.A. and Wasserburg G.J. (1978) Search for "'AI effects 
in the Allende FUN inclusion Cl. Geophys. Res. Letters 5, 807-810. 

Freer R. (1980) Bibliography: Self-{!iffusion and impurity diffusion in oxides. J. Material Sci. 
15, 803-824. 

Freer R. (1981) Diffusion in silicate minerals and glasses: a data digest and guide to the 
literature. Contrib. Mineral. Petrol. 76, 440-454. 

Freer R., Carpenter M.A., Long J.V.P . and Reed S.J.B. (1982) "Null result" diffusion 
experiments with diopside: implications for pyroxene equilibria. Earth and Planet. Sci. 
Lett. 58, 285-292. 

Fuchs L.H.(1969) Occurrence of cordierite and aluminous orthoenstatite in the Allende 
meteorite. Amer. Mineral. 54, 1645-1653. 

Fuchs L.H. (1971) Occurrence of WOllastonite, rMnite, and andradite in the Allende meteorite. 
Amer. Mineral. 56, 2053-2068. 

Fuchs L.H. and Blander M. (1977) Molybdenite in calcium-aluminum-rich inclusions in the 
Allende meteorite. Geochim. Cosmochim. Acta 41, 1170-1174. 

Gentile A.L. and Foster W.R. (1963) Calcium hexaluminate and its stability relations in the 
system CaO-Al,O,-SiO, . J. Amer. Ceram. Soc. 46, 74-76. 

Gibb F.G. (1974) Supercooling and the crystallization of plagioclase from a basaltic magma. 
Mineralogical Magazine 39,641-653. 

Goldschmidt V.M. (1954) Geochemistry (ed. A. Muir). Oxford: Claredon Press. 

Goldstein J.I., Newbury D.E., Echlin P. , Joy D.C., Fiori C., and Lifshin E. (1981) 
Scanning Electron Microscopy and X-ray microanalysis. Plenum Press, 674 p. 



235 

Goldstein J.I. and Ogilvie R.E. (1965) The growth of the Widmanstatten pattern in metallic 
meteorites . Geochim. Cosmochim. Acta 29, 893-920. 

Goswami J.N., Srinivasan G. and Ulyanov A.A. (1991) Titanium, calcium and magnesium 
isotopic compositions in a hibonite-rich inclusion from Efremovka. Meteoritics . 

Gray C.M., Papanastassiou D.A. and Wasserburg G.J. (1973) The Identification of early 
condensates from the solar nebula. Icarus 20, 213-239. 

Grossman J.N. (1988) Formation of chondrules. In Meteorites and the Early Solar System (eds. 
J.F. Kerridge and M.S. Matthews) pp. 680-696. Univ. Arizona Press, Tucson. 

Grossman L. (1972) Condensation in the primitive solar nebula. Geochim. Cosmochim. Acta 
36,597'{;19. 

Grossman L. (1973) Refractory trace elements in Ca-AI-rich inclusions in the Allende meteorite. 
Geochim. Cosmochim. Acta 37,1119-1140. 

Grossman L. (1975) Petrography and mineral chemistry of Ca-rich inclusions in the Allende 
meteorite. Geochim. Cosmochim. Acta 39, 433-454. 

Grossman L . (1980) Refractory inclusions in the Allende meteorite. Ann. Rev. Earth Planet. 
Sci. 8, 559.{i08. 

Grossman L. and Ganapathy R. (1975) Volatile elements in Allende inclusions. Proc. Lunar 
Sci. Conf. 6, 1729-1736. 

Gut! W. and Russell A.D. (1977) Studies of the system CaO-SiQ,-Al203-MgO in relation to the 
stability of blast furnace slag. J. Material Sci. 12, 1869-1878. 

Haggerty S.E. (1973) Armalcolite and genetically associated opaque minerals in lunar samples. 
Proc. Lunar Sci. Conf. 4, 777-797. 

Haggerty S.E. (1975) The chemistry and genesis of opaque minerals in kimberlites. Phys. 
Chern. Earth 9,295-307. 

Hashimoto A., Kumazawa N. and Onuma N. (1979) Evaporation metamorphism of primitive 
dust material in the early solar nebula. Earth Planet. Sci. Lett. 43, 13-21. 

Higgins J.B., Ribbe P.H. and Herd R.K. (1979) Sapphirine I. Crystal chemical contributions. 
Contrib. Mineral. Petrol. 68, 349-356. 

Huneke J.C., Armstrong J.T. and Wasserburg G.J. (1983) FUN with PANURGE: High mass 
resolution ion microprobe measurements of Mg in Allende inclusions. Geochim. 
Cosmochim. Acta 47, 1635-1650. 

Hutcheon I .D. (1982) Ion probe magnesium isotopic measurements of Allende inclusions. In 



236 

Nuclear and Chemical Dating Techniques: Interpreting the Environmental Record (ed. 
L.A. Curie), Amer. Chern. Soc. Symposium Series No. 176, pp. 95-128. 

Hutcheon 1.0., Armstrong J.T. and Wasserburg G.J. (1987) Isotopic studies of Mg, Fe, Mo, 
Ru and W in Fremdlinge from Allende refractory inclusions. Geochim. Cosmochim. 
Acta 51,3175-3192. 

Hutcheon 1.0., Steele I.M., Smith J.V. and Clayton R.N. (1978) Ion microprobe, electron 
microprobe and cathodoluminescence data for Allende inclusions with emphasis on 
plagioclase chemistry. Proc. Lunar Sci. Conf 9, 1345-1368. 

Hayashi T. and Muehlenbachs K. (1986) Rapid oxygen diffusion in mwlilite and its relevance 
to meteorites. Geochim. Cosmochim. Acta SO, 585-59l. 

Jost W. (1960) Diffusion in solids, liquids, gases. Academic Press, 558 p. 

Jurewicz A.J.G. and Watson E.B. (1988) Cations in olivine, part 1: calcium partitioning and 
calcium-magnesium distribution between olivines and coexisting melts, with petrologic 
applications. Contrib. Mineral. Petrol. 99, 176-185. 

Kaiser T. and Wasserburg G.J. (1983) The isotopic composition and concentration of Ag in 
iron meteorites and the origin of exotic silver. Geochim. Cosmochim. Acta 47,43-58. 

Keith M .L . and Schairer J.F. (1952) Stability field of sapphirine in the system MgO-AI,O,­
SiO,. J . Geol. 60, 181-186. 

Kennedy A.K . , Hutcheon 1.0. and Wasserburg G.J. (1989) Chemical and isotopic constraints 
on the formation and evolution of SA-I , a basaltic CAl from Allende. Lunar Planet. Sci. 
Conf. XX, 514-515. 

Kennedy A.K., Hutcheon 1.0. and Wasserburg G.J. (1991) Chemical and isotopic constraints 
on the formation and differentiation of SA-I , a basaltic inclusion from Allende. In 
preparation. 

LangeR.A. and Carmichael I .S.E. (1987) Densities of Na,O-K,O-CaO-MgO-FeO-Fe,O,-AI,O,­
TiO,-SiO, liquids: New measurements and derived partial molar properties . Geochim. 
Cosmochim. Acta 51, 2931-2946. 

Larimer J.W. (1967) Chemical fractionations in meteorites - I. Condensation of the elements. 
Geochim. Cosmochim. Acta 31, 1215-1238. 

Lee T . (1979) New isotopic clues to solar system formation. Rev. Geophys . Space Phys. 17, 
1591-161l. 

Lee T. and Papanastassiou D.A. (1974) Mg isotopic anomalies in the Allende meteorite and 
correlations with 0 and Sr effects. Geophys. Res . Lett. 1, 225-228. 



237 

Lee T., Papanastassiou D.A. and Wasserburg G.J. (1976) Demonstration of 26Mg excess in 
Allende and evidence for 26AL GeoDhys. Res. Lett. 3, 109-112. 

Lee T., Papanastassiou D.A. and Wasserburg G.J. (1977) Aluminum-26 in the early solar 
system. Fossil or fuel? Astrophys. 1. 211, Ll07-Lll0. 

Leeman W.P. and Scheidegger K.F. (1977) Olivinelliquid distribution coefficients and a test 
for crystal-liquid equilibrium. Earth and Planet. Sci. Letters 35, 247-257. 

Lensch G. (1971) Das Vorkommen von Sapphirin im Peridotitkorper von Finero (Zone VOn 
Ivrea, Italienische Westalpen). Contrib. Mineral. Petrol. 31, 145-152. 

Liebl H. (1967) Ion microprobe mass analyzer. J . Appl. Phys. 38, 5277-5283. 

Liebl H. and Herwg R.F.K.(1963) Sputtering ion source for solids. J. Appl. Phys 34,2893-
2896. 

Lindner R. and Akerstriim A. (1958) Diffusion von Ni-63 in Nickelspinellen. Zeitschrift Phys. 
Chern. 18,303-307. 

Lofgren G. (1980) Experimental studies on the dynamic crystallization of silicate melts. In 
Physics of Magmatic Processes (ed. R.B. Hargraves), pp. 487-551, Princeton University 
Press. 

Lofgren G. and Russell W.J. (1986) Dynamic crystallization of chondrule melts of porphyritic 
and radial pyroxene composition. Geochim. Cosmochim. Acta 50, 1715-1726. 

Longhi J . (1987) Liquidus equilibria and solid solution in the system CaAJ2Si20.-Mg2SiO.­
CaSi03-Si02 at low pressure. Amer. 1. Sci. 287, 265-331. 

Longhi J. and Boudreau A. (1980) The orthoenstatite liquidus field in the system forsterite­
diopside-silica . Amer. Mineral. 64, 563-573 . 

Longhi J. and Pan V. (1988) A reconnaissance study of phase boundaries in low-alkali basaltic 
liquids. 1. Petrol. 29, 115-147. 

Lorand J.P. and Collin J.Y. (1987) A new natural occurrence of zirconolite (CaZrT~07) and 
baddeleyite (ZrO,) in basic cumulates: the Laouni layered intrusion (Southern Hoggar, 
Algeria). MineraL Mag. 51, 671-676. 

Lord H.C. III (1965) Molecular equilibria and condensation in a solar nebula and cool stellar 
atmospheres . Icarus 4, 279-288. 

Love G. and Scott V.D. (1978) Evaluation of a new correction procedure for quantitative 
electron probe microanalysis. 1. Phys. D-11, 1369-1376. 

Lux G., Kell K., and Taylor G.J.(1981) Chondrules in H3 chondrites: textures, compositions 



238 

and origins. Geochim. Cosmochim. Acta. 45, 675-685. 

Macdougall J.D. (1979) Refractory element-rich inclusions in CM meteorites. Earth Planet. 
Sci. Lett. 42, 1-6. 

MacPherson G.J. and Grossman L. (1981) A once-molten, coarse-grained, Ca-rich inclusion 
in Allende. Earth Planet. Sci. Lett. 52, 16-24. 

MacPherson G.J. and Grossman L. (1984) "Fluffy" Type A Cae, AI-rich inclusions in the 
Allende meteorite. Geochim. Cosmochim. Acta 48, 29-46. 

MacPherson G.J., Paque J.M., Stolper E. and Grossman L. (1984) The ongm and 
significance of reverse zoning in melilite from Allende Type B inclusions. J. Geo!. 92, 
289-305. 

MacPherson G.J., Hashimoto A. and Grossman L. (1985) Accretionary rims on inclusions in 
the Allende meteorite. Geochim. Cosmochim. Acta 49, 2267-2279. 

MacPherson G.J., Fahey A.J., Lundberg L.L., and Zinner E. (1988) AI-Mg isotopic 
systematics and metamorphism in five coarse-grained Allende CAIs. Meteoritics 23, 286-
287 . 

. MacPherson G.J., Wark D.A. and Armstrong J.T. (1988) Primitive material surviving in 
chondrites: refractory inclusions. In Meteorites and the Early Solar System (eds. J.F. 
Kerridge and M.S. Matthews), Univ. Arizona Press, pp. 746-807. 

Martin P.M. and Mason B. (1974) Major and trace elements in the Allende meteorite. Nature 
249, 333-334. 

Mason B. and Martin P.M. (1977) Geochemical differences among components of the Allende 
meteorite. Smithsonian Contributions to the Earth Sciences, No.19, 84-95. 

McKeegan K.D. and Ryerson F.J. (1990) Diffusion of oxygen in diopside and spinel: 
implications for oxygen isotopic anomalies in CAIs. Lunar Planet. Sci. Conf. XXI, 775-
776. 

McSween H.Y. (1977) Chemical and petrographic constraints on the origin of chondrules and 
inclusions in carbonaceous chondrites. Geochim. Cosmochim. Acta 41, 1843-1863. 

McSween H.Y. (1979) Are Carbonaceous chondrites primitive or processed? A review. 
Reviews of Geophy. and Space Physics 17, 1059-1078. 

Meeker G.P., Wasserburg G.J. and Armstrong J.T. (1983) Replacement textures in CAl and 
implications regarding planetary metamorphism. Geochim. Cosmochim. Acta 47, 707-
721. 

Meyer H .O.A. and Boctor N.Z. (1974) Opaque mineralogy: Apollo 17, rock 75035. Proc. 



239 

Lunar Sci. Conf. 5, V.I, 706-716. 

Misawa K. and Nakamura N. (1987) Rare earth elements in chondrules from the Felix (C03) 
chondrite: Comparison with the Allende (CV3) chondrules. Symp. Ant. Met. 12, 90-92. 

Nagahara H. and Kushiro I. (1982) Calcium-aluminum-rich chondrules in the unequilibrated 
ordinary chondrites. Meteoritics 17, 55'{)3. 

Niederer F.R. and Papanastassiou D.A. (1984) Ca isotopes in refractory inclusions. Geochim. 
Cosmochim. Acta 48, 1279-1294. 

Niederer F.R. and Papanastassiou D.A., and Wasserburg G.J. (1985) Absolute isotopic 
abundances of Ti in meteorites. Geochim. Cosmochim. Acta 49, 835-851. 

Osborn E.F. and Gee K.H. (1969) Phase equilibria at liquidus temperatures for a part of the 
system CaO-MgO-AI20,-Ti02-Si02 and their bearing on the effect of titania on the 
properties of blast furnace slag. Bull. Earth and Mineral Sci. Experiment Station 85,57-
80. 

Osborn E.F. and Tait D.B. (1952) The system diopside-forsterite-anorthite. Amer. J. Sci. 239, 
721-763. 

Osborn E.F., DeVries R.C., Gee K.H. and Kraner H .M. (1954) Optimum composition for 
blast furnace slag as deduced from liquidus data for the quaternary system CaO-MgO­
AI20,-Si02, 1. Metals 6, 33-45. 

Palme H. and Wlotzka F. (1976) A metal particle from a Ca, AI-rich inclusion from the 
meteorite Allende, and the condensation at refractory siderophile elements. Earth Planet. 
Sci. Lett. 33, 45-60. 

Pan V. and Longhi J. (1989) Low pressure liquidus relations in the system Mg,$iO,-Ca,SiO,­
NaAISiO,-Si02 • Amer.J.Sci.289, 1-16. 

Papanastassiou D.A., Lee T. and Wasserburg G.J. (1977) Evidence for "AI in the solar 
system. In Comets, Asteroids. Meteorites (ed. A.H. Delsemme), Univ. of Toledo, pp. 
343-349. 

Papanastassiou D.A., Brigham C.A. and Wasserburg G.J. (1984) Search for Mg isotopic 
signatures in Allende. Lunar Planet.Sci. Conf. XV, 629'{)30. 

Pedersen A.K. (1981) Armalcolite-bearing Fe-Ti Oxide Assemblages in graphite-equilibrated 
salic volcanic rocks with native iron from Disko, Central West Greenland. Contrib. 
Mineral. Petrol. 77, 307-324. 

Planner H.N. and Keil K. (1983) Evidence for the three-stage cooling history of olivine­
porphyritic fluid droplet chondrules . Geochim. Cosmochim. Acta 46, 317-330. 



240 

Podosek F.A.(1978) Isotopic structures in solar system materials . Ann. Rev. Astron. Astrophys. 
16, 293-334. 

Prince A.T. (1954) Liquidus relationship on 10% MgO plane of the system lime-magnesia­
alumina-silica. J. Amer. Ceram. Soc. 37, 402-408. 

Rankin G.A. and Merwin H.E. (1918) The ternary system MgO-AI,O,-SiO,. Amer. J. Sci. 
fourth series XLV 268, 301-325. 

Reed D.J. and Wuensch B.J. (1979) Ion-probe measurement of oxygen self-diffusion in single­
crystal AltO,. J. Amer. Cer. Soc. 63, 88-92. 

Rubin A.E. and Wasson J.T. (1988) Chondrules and matrix in the Omans C03 meteorite: 
Possible precursor components. Geochim. Cosmochim. Acta 52, 425-432. 

Schairer J.F. and Yoder H.S., Jr. (1969) Critical planes and flow sheet for a portion of the 
system CaO-MgO-AI,O,-SiO, having petrological applications. Carnegie Inst. Wash. Yb. 
68, 202-214. 

Schramm D.N., Tera F. and Wasserburg G.J.(1970) The isotopic abundance of 26Mg and 
limits on 26Al in the early solar system. Earth Planet. Sci. Lett. 10, 44-59. 

Schreyer W. and Schairer J.F. (1961) Composition and structural states of anhydrous Mg­
cordierites: are-investigation of the central part of the system MgO-AI,O,-SiO,. J. Petrol. 
2 , 324-406. 

Scott V.D. and Love G.(l983) Quantitative Electron-probe Microanalysis. Halsted press,345 p. 

Sears D.W.G. and Dodd R.T.(1988) Overview and classification of meteorites. In Meteorites 
and the Early Solar System (eds. J. F. Kerridge and M.S. Matthews), pp. 3-31. 

Segnit E.R. (1957) Sapphirine-bearing rocks from Robertson Land, Antarctica. Mineral.Mag. 
31, 690-697. 

Sheng Y.J., Hutcheon I.D. and Wasserburg G.J . (1988) PlagiOclase-Olivine Inclusions in 
Allende- a link between CAl and ferro-magnesian chondrules. Lunar Planet.Sci. Conf. 
XIX, 1075-1076. 

Sheng Y.J ., Hutcheon I.D. and Wasserburg G.J. (1990) Magnesium isotope heterogeneity in 
Plagioclase Olivine Inclusions. Lunar Planet.Sci. Conf. XXI, 1138-1139. 

Sheng Y.J., Hutcheon LD. and Wasserburg G.J. (199Ia) Origin of Plagioclase-Olivine 
Inclusions in carbonaceous chondrites . Geochim. Cosmochim. Acta 55,581-599. 

Sheng Y.J., Beckett J.R., Hutcheon I.D. and Wasserburg G.J. (l991b) Experimental 
constraints on the origin of plagioclase-olivine inclusions and CA chondrules. Lunar 
Planet. Sci. Conf. XXII, 1231-1232. 



241 

Sheng Y.J., Hutcheon LD. and Wasserburg G.J. (1991c) Mg self-diffusion in spinel: 
constraints on the thermal history of plagioclase-olivine inclusions. Lunar Planet. Sci. 
Conf. XXII, 1233-1234. 

Shimizu N. and Hart S.R. (1982) Isotope fractionation in secondary ion mass spectrometry. 
1. ADDI. Phys. 53, 1303-1311. 

Shmizu N., Semet M.P., and Allegre C.J. (1978) Geochemical Applications of quantitative ion­
microprobe analysis. Geochim. Cosmochim. Acta 42, 1321-1334. 

Slodzian G. (1964) Etude d'ume m~thode d'analyse locale chimique et isotopique utilisant 
I'~mission ionique secondaire. Ann. Phys. 18 erne s~rie, Tome 9 (paris: Masson). 

Slodzian G. (1980) Microanalyzers using secondary ion emission. Advances in Electronics and 
Electron Physics, supplement 13B, ed. A. Septier (New York: Academic Press), 1-32. 

Spear F.S., Rumble III D. and Ferry J.M. (1982) Linear algebraic manipulation of n­
dimensional composition space. In Reviews in Mineralogy, VIO, Characterization of 
Metamorphism through Mineral Equilibria (ed . 1.M. Ferry). Mineralogical Society of 
America pp. 53-98. 

Srinivasan G., Ulyanov A. A. and Goswami J . N.(1991) Magnesium isotopic fractionation in 
refractory inclusions: Indications for a mineralogic control. Meteoritics. 

Stolper E. (1982) Crystallization sequences of Ca-AI-rich inclusions from Allende: An 
experimental study. Geochim. Cosmochim. Acta 46, 2159-2180. 

Stolper E. and Paque J.M. (1986) Crystallization sequences of Ca-AI-rich inclusions from 
Allende: An experimental study. Geochim. Cosmochim. Acta 50, 1785-1806. 

Suess H.E. and Urey H.C.(1956) Abundances of the elements. Rev. Mod. Phys. 28, 53-74. 

Sung C., Abu-Eid R.M. and Burns R.G. (1974) Ti3
• fTiH ratios in lunar pyroxenes: 

implications to depth of origin of mare basalt magma. Proc. Lunar Sci. Conf. 5, 717-
726. 

Tanaka T. and Masuda A. (1973) Rare-earth elements in matrix, inclusions, and chondrules of 
the Allende meteorite. Icarus 19, 523-530. 

Taylor G.J., Scott E.R.D. and Keil K. (1983) Cosmic setting for chondrule formation. In 
Chondrules and their Origins (ed. E.A. King) pp. 262-278. Lunar and Planetary Science 
Institute. 

Taylor S.R. and Mason B. (1978) Chemical characteristics of Ca-AI-rich inclusions in the 
Allende meteorite. Lunar Planet. Sci. IX, 1158-1160. 

Tsuchiyama A., Nagahara H. and Kushiro L (1980) Experimental reproduction of textures of 



242 

chondrules. Earth and Planetary Sci. Letters 48, 155-165. 

Vrey H.C.(1952) Abundances of the elements. Phys. Rev. 88,248-252. 

VanSchmus W.R. and Wood J.A.(1967) A chemical-petrologic classification for the chondritic 
meteorites. Geochim. Cosmochim. Acta 38, 47-64. 

Velde D. (1975) Armalcolite-Ti-phlogopite-diopside-analcite-bearing lamproites from Smoky 
Butte, Garfield County, Montana. Amer. Mineral. 60, 566-573. 

Wark D.A. (1987) Plagioclase-rich inclusions in carbonaceous meteorites: Liquid condensates? 
Geochim. Cosmochim. Acta 51, 221-242. 

Wark D.A. and Lovering J.F.(1976) Refractory/platinum metal grains in Allende calcium­
aluminum-rich clasts (CARC's): Possible exotic presolar material? Lunar Sci. VII, 912-
914. 

Wark D.A. and Lovering J .F. (1977) Marker events in the early evolution of the solar system: 
Evidence from rims on CA-AI-rich inclusions in carbonaceous chondrites. Proc. Lunar 
Sci. Conf. 8, 95-112. 

Wasserburg G.J. (1985) Short-lived nuclei in the early solar system. In Protostars and Planets 
IT (eds. D. Black and M.S. Matthews), 703-754. Univ. Arizona Press, Tucson. 

Wasserburg G. J. and Papanastassiou D. A. (1982). Some short-lived nuclides in the early 
solar-system - A connection with the placental ISM. In Essays in Nuclear Astrophysics 
(eds. C.A. Barnes, D.O. Clayton, and D.A. Schraimm) Cambridge: Cambridge Univ. 
Press, pp. 71-140. 

Wasserburg G.J., Papanastassiou D.A. and Lee T. (1980) Isotopic heterogeneities in the solar 
system. In Early Solar System Processes and the Present Solar System, 144-191. 
(Bologna: Soc. Italiana di Fisica). 

Wasserburg G.J., Lee T. and Papanastassiou D.A. (1977) Correlated 0 and Mg isotopic 
anomalies in Allende inclusions: II. Magnesium. Geophys. Res. Lett. 4, 299-302. 

Wasson J.T. (1972) Formation of ordinary chondrites. Rev. Geophys. Space Phys. 10, 711-759. 

Wasson J.T. (1974) Meteorites (Heidelberg: Springer-Verlag) 316 p. 

Watson E.B. (1979) Calcium content of forsterite coexisting with silicate liquid in the system 
Na,O-CaO-MgO-Alp,-Si02' Amer. Mineral. 64, 824-829. 

Watson E.B., Harrison T.M. and Ryerson F.J. (1985) Diffusion of Sm, Sr, and Pb in 
fluorapatite. Geochim. Cosmochim. Acta 49, 1813-1823. 

Williams P. (1985) Secondary ion mass spectrometry. Ann. Rev. Mater. Sci. 15,517-548. 



243 

Williamson J.H. (1968) Least-squares fitting of a straight line. Canadian 1. Phys. 46, 1845-
1847. 

Wood J.A. and McSween H.Y.,Jr. (1977) Chondrules as condensation products . In Comets, 
Asteroids, Meteorites: Interrelations, Evolutions, and Origins (ed. A.H. Delsemme), pp. 
365-373. Univ. of Toledo Press, Ohio. 

Yang H., Salmon J .F. and Foster W.R. (1972) Phase equilibria of the join akermanite­
anorthite-forsterite in the system CaO-MgO-AI20,-SiOz at atmospheric pressure. Amer. 
J. Sci. 272, 161-188. 

Yurimoto H. and Sueno S. (1984) Anion and cation partitioning between olivine, plagioclase 
phenocrysts and the host magma: A new application of ion microprobe study. 
Geochemical Journal 18, 85-94. 

Yurimoto H., Morioka M. and Nagasawa H. (1989) Diffusion in single crystals of melilite; 
I, Oxygen. Geochim. Cosmochim. Acta 53, 2387-2394. 

Zhang Y., Walker D., and Lesher C. E. (1989) Diffusive crystal dissolution. Contrib. Mineral. 
Petrol. 102, 492-513. 

Zinner E. (1989) Isotopic measurements with the ion microprobe. U.S.G.S. Bulletin 1890, 145-
162. 

Zinner E. and Crozaz G.(1986) A method for the quantitative measurement of rare earth 
elements in the ion microprobe. Int. 1. Mass Spec. Ion Proc. 69, 17-38. 



Gtot:IIifltial ~ CosmocAimiaJ A.cU: Vol SS. pi). sl.-m 
Coo)Ti&II\ C 1991 Pttpmou PTali pit. Prillted ill U.s.A. 

244 OO I6-1Ol7/'9I ,1Sl.OCl of .00 

Origin of piagiociase-illivine inclusions in carbonaceous chondrites * 

Y. 1. SHENG,I. D. HUTCHEON, and G. 1. WASSERBURG 
The Lunatic Asylum of the Charles Arms Laboratory, Division ofGeologica1 and Planetary Sciences., 

California Jnstitute of Tech DO logy, Pasadena., CA 91125, USA 

(R«eiveti May 30,1990; accepled in revisedform November 9, 1990) 

Abstract-Plagioclase-Olivine Inclusions (POls) are an abundant group of chondrule-like objects with 
igneous textures found in carbonaceous chondrites. POls ronsist of plagioclase, olivine, pyroxene, and 
spinel, and rover a wide range of compositions between Type C Ca-Al-ricb Inclusions (CAls) and fer­
romagnesian choodrules. POls an: distinguished from CAls by the absence of melilite,lack of refractory 
siderophile-rich opaque assemblages., more sodic plagioclase, and abundance of olivine and aluminous-­
enstatite. Rare accessory minerals including armalcolite, zirconolite, rutile, and sapphirine are found in 
several POls. The petrographic and chemical properties of POls indicate that they are not condensates 
or evaporative residues but fonned by melting or parti..al melting of pre-exist.ing solids. Seven offouneen 
POls contain isotopically fractionated Mg, and despite their textures these POls are not isotopically 
homogeneous. Spinel is the major carrier of fractionated Mg in six POls. The magnitude of Mg isotopic 
fractionation (FMa ) of spinel ranges from -8 to +II%o/amu among the POls but F).1a is always either 
positive or negative within an individual POI. Within a single inclusion, FMa of coexisting spinel is not 
constant but varies by up to 7"'/amu.lsotopic fractionation orMg in silicates is less common and always 
positive (F~ > 0) . Pyroxenes in two POls and plagioclase in a third contain isotopically heavy Mg. 
Radiogenic Mg- is rare io POls as only two inclusions show evidence of excess 26Mg with 26Mg_/27AI 
-4 X 10 -6. The preservation of isotopic heterogeneity in objects whose igneous textures suggest CfYS:" 
talliza.tion from a homogeneous melt implies that melting was incomplete, allowing survival of relict 
phases. A comparison of the essential characteristics of POls and CAIs suggests that the major processes 
leading to fonnation of POIs--including condensation, dust/ gas fractionation, aggregation of chemically 
and isotopically disparate materials, and partial melting-are common to most CAIs and chondrules. 
We present a scenario for the fonnation of these objects and conclude that the homogeneity of the final 
assemblage-CAJ, POI, or chondrule-is primarily a reflection of the thennal history rather than the 
nature of precursor materials. 

INTIlODucnON 

THE ISOTOPIC AND OiEMICAL properties of Ca-Al-ricb In­
clusions (CAls) provide important clues to early solar system 

processes and history. Relative to average chondritic material 
and to ferromagnesian chondrules., CAis an: enriched in AI, 
Ca, and Ti and in refractory lithophile and siderophile trace 
elements. Early workers were impressed by the remarkable 
similarity of CAl bulk compositions and mineralogy to those 
of high-temperature condensates predicted 10 form in a cool­
ing gas of solar composition (loRD, 1965; URlMER, 1967~ 

GROSSMAN, 1972~ BLANDER and A.JCHS, 1975). However, 
more recent studies have demonstrated that CAIs an: oot 
simply vapor-to-solid or vapor-to-liquid condensates and 
underscore the complexity of this diverY: group of objects. 
TexturalJy, most coa~-grained CAls appear to have expe­
rienced a molten or partially molten origin, but the variety 
and romplexity of the chemical, mineralogical, and isotopic 
signatures of CAIs attest to multi-stage formation involving 
a number of processes, including evaporation (CHou et al., 
1975~ HASHIMOTO et al., 1979), condensation (MACPHER. 
SON and GROSSMAN, 1984~ ALLEN et aI., 1978), melting 
(MACPHERSON and GROSSMAN, 1981; STOLPER, 1982; 

STOLPER and PAQUE, 1986), and metamorphism (MEEKER 
et al., 1983; ClAYTON el aI., 1977; ARMSTRONG, 1984) . Re-

• Division Contribution No. 4680 (639). 
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fractory inclusions are often treated as distinct from nonnal 
cbondrules., but observations of anonhite-rich Type C CAls 
(GROSSMAN, 1975~ WARK., 1987; BECKETT and GROSSMAN, 
1988) and forsterite-rich CAls (WARK et al., J987) , which 
are significantly less refractory than me1ilite--rich Type A CAIs 
and fassaite-rich Type B CAls. and of ferromagnesian chon­
drules enriched in refractory lithophile trace elements (MI. 
SAWA and NAKAMURA, 1987; RUBIN and WASSON, 1988) 
and of CA chondrules (BISCHOFF and KElt.. 1984) suggest 
the existence of precurwr materials common to all these ob­
jects. CAls are widely believed to preserve a record of con­
ditions and processes that prevailed early in the solar nebula 
The possibility that remnants of this record are also contained 
in less refractory objects is a central theme of this work. The 
identification of the major processes leading to the fonnation. 
not only of the relatively rare CAIs but also of objects with 
much closer affinities to normal chondrules, should provide 
important infonnation on early nebular and planetary pro­
cesses and environments. 

In this paper we describe a group of inclusions in three 
CV chondrites and one ungrouped chondrite that are quite 
different from typical CAIs in their chemistry, mineralogy, 
and isotopic composition. We refer to these objects as PJa­
gioclase-Olivine Inclusions (POls) as they consist of pi agio­
clase, oLivine. pyroxene, and spinel in various proportions 
and range fTOm plagioclase-rich to olivine-rich. Rare mineral 
phases.. some of which have not been reported in CAts., or in 
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meteorites in general, are also found in this group of inclu­
sions. POls are fairly abundant, occurring approximately one 
per thin section. The variation in POI mineralogy is reflected 
in their bulk chemistries which range from Ca-AI-rich objects 
similar to Type C CAl, to more Mg-. Si-rich objects grading 
into CA chondrules (CHRISTOPHE MICHEL-UVY, 1968; 
MCSWEEN, 1977; BISCHOFF and KEJL .. 1984) and Mg-rich 
porphyritic chondrules. We use the chemical. mineralogic, 
and isotopic features displayed by these inclusions to dem­
onstrate that mixing and partial melting processes were su­
perimposed on more ancient. isotopically heterogeneous 
material. Preliminary work on these inclusions was reported 
by SHENG et al. (1988. 1990). 

ANAL meAL METHODS 

P\agiocl~ and olivine-bearing inclusions were identified by pet­
rographic observations on doubly polished thin sections using optical 
microscopy and by backscauered electron imaging on an SEM. The 
20 inclusions studied were from 15 thin sections of Allende and one 
eacb from the Adelaide. leoviUe. and Vigarano carbonaceous cbon· 
drites. Quantitative analysis of major and minor elements was per­
fonned on a Tracor TN-5500 energy dispersive X-ray analyzer (EDS) 
attached to a JEOl JSM-35 CF SEM using Bence-Albee (BENCE and 
ALB££., t 968) proc:t:dures for data reduction and Qn a lEOL 133 
electron microprobe using ZAF correction (loVE and SCoTT. 1978) 
as modified by ARMSTRONG (1984). Bulk compositions of the in­
clusions were obtained by averaging the EDS analyses obtained by 
rastering tbe electron beam over seveml 250 X 300 ILm regions of 
each indusion. 

The Mg isotopic compositions of coexisting pl\ases in IJ POls 
were determined with the PANURGE IMS-3F ion microprobe (one 
POI was analyzed by P"PANASTASSIOU etal.( 1984 )usingthetbennal 
ionization technique). Data wert: collected in an automated peak­
jumping mode under conditions described by HUNEKE et a1. (1983) 
and HUTCHEON et al. (1987). Measured 2$Mg/ 1'Mg ratios may de-­
viate from normal due either to mass-depcndent fractionation intrinsic 
to the sample or to fractionation produced during sputtering and 
secondary ion formation in the ion probe. Studies have shown that 
UMg/2'Mg ratios measured on the ion probe vary with the mineralogy 
and chemical composition of the phase analyzed (SLODZlAN, 1980; 
HVTCHEON, 1982; HUNEKE et al .• 1983). To minimize these matrix 
effects, terrestrial samples of similar compositions to the phases in 
the inclusions were chosen as standards. They include Miakajima 
plagioclase (A~), Burma spinel. Ti-pyroxene glass, aluminous en­
statite, and forst.critic olivine (FC90). Since a major objective of this 
study was the measurement ofintrinsic Mg fractionation in the POls, 
standards were run daily prior to and after sample analysis to monitor 
shifts in the 2$Mg/1(Mg ratio due to different tuning conditions in 
the instrument. 

Isotopic fractionation of Mg intrinsic to a POI was determined 
from the difference in the 2$Mg/ 2(Mg ratio oftbe sample relative to 
the ratio in a standard of appropriate mineralogy: F~ = tI. UMg 
- ~tlMg, where .6,l!Mg e"presses the deviation in permil of the 
UMg/24Mg ratio relative to 0.12663 ( CATANZARO d al., 1966). Typ­
ical errors in F ..... basodon the reproducibility of analyses ofstandaIds. 
are ±2"" for olivine. spinel. and pyroxene. and ±3%o for plagioclase. 
To search fOT evidence of radiogenic 26Mg", the Mg isotopic data 
were also corrected for mctionation by normalizing 10 UMg/ 2'Mg 
= 0.12663 using a power law and the corrected ratios ( 26Mg/2'Mgk 
used to calculate o26Mg, expressed as 

I ] X 1000. 

This represents the permil deviation from the nonnal reference value. 
26Mg/2(Mg = 0.13955 (BRIGHAM, 1990), and is used to identify 
non-linear isotopic shifts in the 26Mg abundance. 

RESULTS 

Petrograpby 

The mineral assemblages of POls are dominated by pla­
gioclase and oliVine with variable amounts of olivine, spinel, 
fassaite. enstatite. and diopside. Melilite. a major component 
in CAls, is not presenL Most POls are spheroidal. ranging 
from 0.5 to 5 mm in diameter. The texture is most commonly 
sub-ophitie to intersertaJ with plagioclase and olivine phe­
nocrystS in a fine..grained matrix (Flg. Ia.b). Textures similar 
to those observed in ordinary chondrules, such as barred 01-
iville (Fig. Ie), porphyritic (Fig. Id), radiating (Fig. Ie). and 
granular, are also observed. 

The occurrence of secondary phases containing Na and 
Fe such as nepheline, sodalite, and hedenbergite is quite re­
stricted in POls. These phases compose less than 5% of the 
mode of all POls and occur only near the rims of inclusions 
or along cracks and in interstitial regions within inclusions, 
and do not appear to be directly associated with plagioclase 
or the Na-rieh mesostases. The unaltered appearance of pla­
gioclase with clearly defined boundaries is in sharp contrast 
to the embayed and extensively veined plagioclase and mel­
ilite frt.QuenUy observed in Type B CAls. POls do not contain 
grossular or monticellite. two common secondary phases of 
Type B CAIs. Unlike the pervasive alteration of Type B CAIs, 
POls do not appear to have been subjected to extensive post­
crystallization open-system alteration. 

A common fea.ture of many POls is the presence of one 
or more cluster.; (up to 200 ~m in diameter) ofequigranular 
olivine crystals located near the periphery of inclusions (Fig. 
If). These oLivine clusters resemble granular olivine chon­
drules. The rim sequences that surround most CAIs (WARK 

and LoVERlNG. 1977) are not fou.nd in POls., but suLfide­
rich rims similar to those surrounding many ordinary chon­
drules are common. In some cases. aggregates offine-grained 
olivine and pyroxene fonn accretionary rims on POls, similar 
to those described by MACPHERSON et al. (1985). 

The petrographic characteristics of POls are summarized 
in Table I. For simplicity of description, we have classified 
POls into three groups. These three groups are classified solely 
on a petrographic basis and are not intended to be a distinc­
tion of their" origin or REE abundances. The trend from group 
I to group 3 is defined by the monotonic decrease in the 
modal abundances of spinel and plagioclase compensated by 
an increase in the abundance of olivine. The chemical cOm­
positions of POls in the three groups change in accordance 
with the variations in mineralogy and are discussed in the 
foUowing section. 

Group I POls contain abundant spinel (5-30% modal 
abundance) and plagioclase (20-66%). Inclusions SALLB6. 
BG82DH2, and ALAI-2 are similar in both mineral assem­
blage and texture. All have sub-ophitic textures with randomly 
oriented plagioclase laths. Subhedral to anhedral olivine and 
pyroxene tenninate against or surround the plagioclase. 01-
ivines are commonly rimmed by Mg-rich pyroxene. Tita­
nium-rich fassaite is interstitial and is interpreted to be a late 
crystallizing phase. Spinel occurs as sub-rounded to euhedral 
crystals poikilitically enclosed in the other silicates. Many of 
the euhedral spinels appear to be included in the interstitial 
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fassaite. Small grains (10--50 I'm) ofTi-rich oxides., including 
armalcolite, rutile, ilmenite, and perovskitc, are associated 
with the interstitial f~tes. Several small grains ofzirconolite 
(CaZrTbO,). about) micron in diameter. associated with 
perovskite were observed in Allende inclusion 5ALLB6. This 
is onJy the second meteoritic occurrence of zirconolite. Zir­
conolite was reponed by EL GoRESY et aI. (1978) but was 
not documented. 

Two other group I POI~ USNM 3510 and BG82CLlI, 
although quite different from rach other in texture and modal 
mineralogy, both contain sapphirine(Mg,A1.SiO,o ). USNM 
3510 consists ora c::oaBe-grained (50-100 pm) mantle and 
a fine..gra.ined (10 pm) OOf'e. Mineral phases io both rim and 
core are plagioclase, forsterite, spinel, and AJ-enstatitc. Sub-. 
hedral to anhedral olivine and pyroxene terminate against 
euhedraJ plagioclase laths. Spinel is included in all three 
phases. BG82CLlI has the least amount of plagioclase (20%) 
but the most abundant spinel (30%) among the group I POls. 
Plagioclase and AI-cnstatite occur as laths and prismatic 
crystals radiating inward from the rim. A central zone of 
densely populated $pinel marks a boundary between the core 
and the spinel-free mantle of the inclusion. In both of these 
inclusions sapphirine cx::curs as randomly oriented euhedral 
prisms (5 x 25 pm) embedded in aNa- (15% Na,o) and CI­
rich (3%), Ca-poor ( 1.5% CaO) mesostasis (F'8- 2b).ln 3510, 
sapphirlne is locaIiu:d in small pockets, wbeJeas in BG82ClJ1 
it is much more abundant and distributed in much larger 
regions. 

Group 2 POls contain minoT spinel «5%) and abundant 
plagioclase (30-60%). Allende inclusions SA-I and 
BG820HIA have been described by BocroR (1988, 1989) 
and KENNEDYet aI. (1989, 1990). These two inclusions plus 
BG82CHI, B140, and AOEL-I all have sul><lphitic textures. 
ADEL-I is an inclusion from the Adewde chondrite and is 
the most silica-rich POI. A symplectic intergrowth oftridym­
ite (or its polymorph) and plagioclase is found in regions 
interstitial to plagioclase laths in the interior of the inclusion. 
The few forsteritic olivines are rimmed by enstatite. 'A few 
small cluste~ of spinel are enclosed within plagioclase laths. 
These spinel grains appear to be strongly resorbed with cor­
roded boundaries (Fig. 2a). BG82CUa exhibits a radiating 
texture consisting mainly of plagioclase laths and tabular py_ 
roxene grains. The pyroxenes are Fe-poor pigeonite SUT­
rounded by diopside. Spinel is rare an~ where present, 
strongly resorbed. PPX contains granular olivines poikiliti­
cally enclosed in plagioclase. Calcium-poor pyroxene grains 
are interstitial among plagjoclase and spinel is rare. 

Group 3 POls have the highest abundance of olivine 
(>40%) with I=r plagioclase ( <25%) and rare spinel. This 
group is characterized by porpbyritic. granular, and barred 
textures, commonly found in ferromagnesian chondrules. 
BG82CUb is the only inclusion in this group that has a mod­
est amount of spinel (5%). A cluster of spinel grains occurs 
in the center of the inclusion, enclosed by plagioclase. Olivine 
grains vary greatly in size, ranging from 10 to 200 microns 
in diameteT. Larger grains developed near the rim of the in­
clusion grade into smaller grains towards the center. Both A-
47 and BG82CU resemble barred olivine chondrules, except 
that plagioclase and diopside occur as anhedral grains inter­
stitial to the olivine bars. Redeye consists of large olivine 

grains with interstitial plagioclase and pyroxene, and is the 
only POI exhibiting chromium-rich (-30% Cr20 3 ), rather 
than aluminous, spinel. 

Bulk Chemistry 

Bulk compositions of POls are given in Table 2. The POls 
span a wide range in composition. reflected in a four-fold 
variation in Cao (4-17 wt%), a threc--fold variation in MgO 
(10-34 wt%) and in AI,O, (12-36 wt%), and more than a 
ten-fold variation in Na,o (0.~.8 wt%) (Table 3). The 
most Ca- and AI-rich Pol. ALA 1-2, contains 44.8 wt% Cao 
+ AI,o" wbeJeas POI Redeye hasollly6.2 wt%CaO+ AI,o,. 
Since Redeye is aD extreme member among POls. its com­
position was excluded from the preceding discussion. Cor­
responding to the classification outlined in the previous sec­
tion, the Cao + AhO, content for the three POI groups are: 
( I ) Cao + AI,O, > 40 wt%; (2) 20% < Cao + AI,O, < 40%; 
(3) Cao + AhO) < 20%. The difference in the Cao + AI20) 
content for the three groups is mainly a reflection of the modal 
abundances of spinel + plagioclase versus olivine. 

The bulk chemical compositions of POls are summarized 
in Table 2 and Fig. 4. Representative analyses of Types B 
and C coarse-grained CAIs., fine-gained CA.ls, and CA chon­
drules are shown for comparison. It is evident from the data 
plotted in Fig. 4a and b that with the exception of the olivine­
rich POI Redeyc. the bulk compositions of POls are quite 
distinct from those of Types Band C CAls and ferromag­
nesian chondrules. Relative to coarse-grained CAls. the POls 
are enriched in Na. Mg, and Si and depleted in AI and Ca. 
All POls have Cao contents < 18%, whereas in Types Band 
C CAls, Cao is always> 18%. The buJk compositions of some 
POls fall within the range of compositions exhibited by CA 
chondrules, but.., as a group, POls are distinguished from CA 
chondrules by lower contents ofNazO. Si0:2. and FeO. POls . 
are also readily distinguished from CA chondruJes by their 
characteristic mineralogy, as will be discussed below. 

Most POls contain much higher Na20 than ooarse-grained 
CAts. The analyses of plagioclase compositions and modal 
abundances of POls indicate that a significant portion (10-
50%) of the Na20 can be anributed to the albite component 
in plagioclase (Anu -Ann) . In POls with the highest Na20 
contents., a large fraction of the Na is contained in the me­
sostasis. As will be discussed later, these mesostasis regions 
are believed to be primary. In contrast to Type B CAls, only 
a minor amount of the Na20 in POls is present in secondary 
phases such as nepheline and sodalite. 

Mineral Chemistry 

Plagioclase 

Plagioclase compositions (Table 3) in POls range from 
Anl2 to An91. with An95 the most frequently observed com­
position. Plagioclase contains small amounts ofMgO (0.25-
0.92 wt%) and FeO (0-0.4 wt%) but no K,O. Both Na,O 
and MgO contents of plagjoclase in POls are higher than 
typically found in plagioclase in Type B CAls, but the positive 
linear correlation between Mg and Na contents in plagioclase 
(Fig. 5) is similar to that found in Type BCAls (HlITCHEON 
et aI., 1978). No correlation between Fe and either Mg or 
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FIG. I. Transmi tted light photomicrographs of POls: (a ) USNM 35 10 showing a roarse.grained mantic ofplagioclase 
and o livine surrounding a fine-grained core of plagioclase. olivine. spinel. enstatite. and !>3pphirine: (h ) 5A LLB6 
showing coarse plagioclase laths and olivine grains: (c) BG8 2C LI di splaying a texture similar to that of a barred-olivi nc 
chondrule wi lh thc add it ion of plagioclase laths d istributed between ol ivine bars: I d ) BG82CU b showing a porphyri tic 
lexture with several coarser grained olivinl'S among finer ol ivines and pyroxenes wilh plagioclase and spinel d istributed 
near thecoreoft he indusion: (c) radiating Ic:(ture in BG82CUa wi th pyroxene and plagioclase phenocrystscrystalliZ<.'d 
inward fro m the rim tra nsitioni ng into radialing cl)'stals lowards the oorc-Thc field of \'icw in the above photom i. 
crographs is 4 X 3,2 mm : (fl backscattered electron image of POI BG82CUI showi ng a cluster of granular olivi nes 
embayed ncar Ihe rim of the inclusion. Other phases in this inclusion arc AI-enstatile. plagioclase, spi nel. and !>3pphirine. 
The scale bar is 10.llm. 

Na in POI plagioclase was observed. Within each PO I. pla­
gioclase compositi ons arc nearly constant with only a subtle 
increase of s; I wt% Na20, Al teration of plagioclase crysta ls 
by low-temperature phases such as sodali te and nepheline is 
not observed except near cracks and near the rims of inclu­
sions. 

and rim occasionall y reaches 5 wt% but is ge nerall y less than 
1 %. The more Fe-rich oli "incs ( FO"'J to FOg$) arc consi stentl y 
found in olivine dusters cmbayed ncar thc ex terior margin 
of many POls. These spherical dusters or cquigm.nular grains 
( Fig. I f) are ve ry similar in appearance and composition to 
granular o li vi ne chond rules. In contrast to interior o li vi ncs. 
the d uster olivines are strongJy zoned in FcO with more Fe­
rich rims, The differen ce in FeO content octwccn center and 
rim of indi vidual gra ins typicall y exceeds 5g.. The contr..lsl 
in composit io n. in terms of both the maximum FeO conten t 
and the magnitude of eore-to-rim zonation. between oli vi ne 
phenoc rysts and granular oli vines in thc cl usters is dearly 
shown in Fig. 6. However. othe r than thei r high FeO con tent. 
there is no significant diffe rence in their chemistry and Mg 

Olil'illc 

Olivine composit ions arc highl y variable among the di f· 
ferent PO ls. bu t a rc gene rally forsteritic. ranging from F Old 

to F~ (Table 4 J. Indi vidual grai ns in the interior of POls 
arc onl y slightly zo ned. with rims that arc ma rginally higher 
in Fe co ntent. The difference in FeO content between center 
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isotopic composition with respect to the olivine grains in the 
interior o f the POls. 

Spilld 

Spinels in PO ls arc Mg-rich. ge ncnill y contain ing less than 
4% FcO. Iron conten ts o f spinels within an indi vidual POI 
can be variable. and individual spinel grains arc also loned 
in FcC. In most cases the ce nter of the gra in contains less 
than 2% FeO. With in ind ividual spinel the variation ofFeO 
con tent from core to rim is generally less than 2%. but in 
rare cases, such as in POI BG82ClIi. the difference can be 
as high as 5%. In contrast to spinels in CA ls. which commonly 
contain less than 0.2 .... 1% Cr~03 (WARK. 1983).lhc spinels 
in PO ls ha\'c higher Cr20l contents. generally O\'cr 1% and 
as high as 5%. Spinels in 5A LLB6 have the widest range of 
Cr20 l content. ra nging from 0.2 to 1D'l. A distinguishing 
characteristic of spinel in 5A LLB6 is the presence o f 1-2 J.lm 
widc Cr-rich (Cr20 ) > 5% ) mantles or overgrowths on Cr­
poor ((r203 < 0.5% ) cores. A gradation o f Cr.Oj conten t 
between core and mantle is shown in Fig.7. The low-Cr cores 

usually have a corroded appearance. whereas the Cr-rich 
mantlcs assume euhedralto subhedral fo rms (Fig. 2c). Spinel 
in the u nique POI Redeye contains 20-30 '>'1% Cr.OJ' T he 
Cr203 content of all spinels in POls is unrelated to the amount 
of FcO. Representative spinel analyses are given in Table 5. 

P)'roxt!fIl' 

POls contain a variety of different pyro.~enes. including 
AI-. Ti-bea ring fassaile. d iopside. AI-rich enstatite and Fe­
poor pigeonite (Table 6). Se veral different pyroxenes may 
occur in individual POls. especiall y in group 2 and 3 POl s. 
For exam pl e. in BG82CUa. 8 [4 D. and ADEL-l cit her en ­
statite o r pigeonite is mantled bydiopside. Fassaitc is a major 
phase in four of the six group I PO ls but is uncommon in 
groups 2 and 3 POls. Most fassaites are zoned with respect 
to Ti and AI and typically exhibit a li near relationship betwccn 
the AllOJ and Ti02 contents. The data ploued in Fig. 8 reveal 
a bimodal distribution of Al20 J / T iOJ ratios among POI fas­
sai les that clearly distinguishes fassaites in PO ls from those 
in Type BI CA ls. One population, typically found in POls 
contai ning T i-rich oxide minerals. is composed of fassai tcs 
wi th roughly equal AI20 3 and Ti02 contents. This I: I r.1t io 
between AhO) and Ti02 is not found in fassaites in other 
types of CA Is but is characteristic of pyroxenes in armalcolite­
bearing lunar rocks (SUNG et al.. 1974). A second population. 
generall y found in POls together with AI -rich enstatite. pi ­
geoni te, a nd d iapsidc. is characterized by lower TiO~ content 
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FIG. 2. (a) Backscallered electron (BSE) image of ADEL-l showing strongly resorbed spinel (Sp) with a scrrated 
boundary included in plagioclase (PI). (b) BSE image of randomly oriented. prismatic sapphirinc crystals ( -2 X 20 
pm) embedded in aNa-rich mesostasis in BG82CLlL Also shown arc sub-rounded spinels. aluminous-cnstatile (rec­
tangular laths). and plagioclase (light grey), (el BSE image of 5ALLB6 showing several resorbed Cr-poor spinels 
mantled by Cr-neh spinel. Chromium-rich spinel appears as light colored rims on host spi nels and as individ ual. light 
colored, micron size crystals. Spinels arc enclosed in plagioclase. (d) SSE image of an arma1coli tc crystal in 5A LLB6 
displaying the fine lamellae of rutile. ilmenite, and Mg-enriched armalcolite resulting from Ihe subsolidus breakdown 
oflhe armalcolite grain. The armalcolite is inte~titial to plagioclase and fassaite. The scale bar is 10.l-'m in all micrographs. 

and much higher AI 20 J /Ti02 ratios. The more AI-rich fas­
saites of this popu lation have compositions that fall within 
the range of fassaite compositions in Types 82 and e CAls 
(WARK, 1987). Fassai les in pals are also distinguished from 
those in Types 82 and C CA ls by their high MnO content. 
which is typically between 0.1 and 0.4%, but may be as high 
as 1.0%. Fassaitic pyroxenes with similar MnO content have 
been found in AI-rich chondrules ( BISCHOFF et al.. 1989) . 

Calculations ofTi H versus TiH in Ti-rich fassaites. made 
by assuming pyroxene stoichiometry. suggest thai 60-80% 
of the total Ti is trivalent, similar to fassailes in Type B_CA ls. 
Such ratios suggest that pals formed in a reducing environ­
ment (/0, --- 10- 11 at 13000e) si milar to that inferred for 
CAls (STOLPER. 1982: BECKETT. 1986 ). 

/lrma/colif(' 

Three group I pals (5A LLB6. BG82 DH 2. ALA 1-2) con­
tain armalcolitc. accompanied by the Ti-rich oxides rutile. 
ilmenite. pcrovskite. and zirconolitc. The composi lion of 
armalcolite in POls differs from Ihe ideal formula 
(M[!,o.sFCo.5Ti 205) in that the Mg / Fe ratio is much higher. 
ranging from 1.2 to 4.3 (Table 7). This ratio is also much 
different from that characteri st ic ofarmalcoli te in lunar and 
terrestrial rocks. in which the Mg / Fe ratios mnge from 0.36 
to 0.49 ( HAGGERTY. 1973: PEDERSEN. 1981). One group 2 
POI (SA-I ) also contains armalcolite (BCX-roR cl aJ.. 1989). 
but its composit ion is quite diAcrcnt from thai of the ar­
malcolite in group I POls. Whereas an ilmenite rim su r-
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T .... ' POI BULK COMPOSITIONS· 

,,",0 ..." Al,o, Sio, 1<,0 Cao TiD, Cr~o, roO SUM 

ALAI-l , .. 10.0 32.0 38 .• 0. 1 12.8 I.S 0.1 I.S ""., 
v.-n I.' 11.1 27.6 39.0 D.6: 16.8 I.B 0., 1.2 "'.S ,ALL" I.' 13.7 31.6 38. 1 D.d. 12.6 0.' 0.' 0.' "'., 
8G&1D1U 1.5 14.9 30.' 38.1 0.1 11 .3 0.7 0.1 1.7 "'., 
J510 2.0 11.5 29.' 41.6 <0.1 12." 0.' 0.' 1.5 99.1 

BG8lCL" '.1 11.1 ".1 31.6 0.1 '.0 0.7 0.' 2.' 98.9 

BGSlDHIA. 0.7 20.' 24.7 38.9 D.d . 11.4 0.1 D.d. 1.' 100.0 

B14D 1.' Il ." 25.7 .,. 0.1 10.1 0.7 0.2 I., 911.3 

LEOI'" 1.2 11.6 12.' 41.5 <0.1 '.1 0.' 0.' ... 9S.8 

SA-J '.1 11 .6 HI.S ".2 0.1 U. "/ 1.2 O. I.. SlS.7 

ADEL-' 0.' ••• 11.4 SO.1 ~d . 13.8 0.1 0.' ••• 99.2 
BCIlCHI 1.' 15.0 17.3 45.1 0.2 11.0 0.7 0.5 1.5 91.6 

BCSlCU. '.1 14.3 11.3 ·U.S 0.2 ••• 1.1 0.' 2.' 97.9 

SA-Jb , .S 19.9 18.1 "3.1 0.' '.1 0.1 0.' '.2 98.9 
PPX 2. ' 24.1 )5.2 O .S 0.1 5., 0.' 0.' • .5 98 .S 

.41 1.3 33.1 n.'" 412 D.d. • •• 0.1 0.1 1.1 "., 
BG"CUb 1.3 ".0 15.6 38.8 D.d. ' .1 0.1 0.' ' . 1 ".0 
BG!lCLIB 1.2 u.s 12.6 U.S D.d. '.2 0.2 0., 5.2 97.8 

BG!lCLI 2.0 31.6 12.4 "' .. 0.1 , .. 0.' 0.1 ... 98.4 

JUDEl'£ 1.0 .... 1.' 4U 0. 1 2.' 0. 1 0.' , .. 99.1 

: EDS malysil by JUte' _ or IlK pOI izllhe thin KdiOo. 
D.d.-DOt~ 

rounding armalcolite is commonly observed in lunar basalts 
(EL GoRESY, 1976), no rims are found on the annalcolile 
in POls. Annalcolite in SALLB6 exhibits submicron lamella 
of annalcolite, rutile, and ilmenite (Fig. 2d), indicating the 
breakdown of annalcolite by the reaction 

where x is between 0 and 1. This reaction is rarely observed 
in lunar and terrestrial samples and may provide infor­
~ation on the low-temperature subsolidus history of POls. 

ZirconoJire 

Zirconolite (CaZrTi 20 1 ) occurs as micron-size, irregularly 
shaped blebs surrounding a small, 3 I'm perovskite crystal in 
an intersljtiaJ region between pJagiocJase and olivine in POI 
5ALL86. Electron probe wavelength dispersive analyses of 
the zirconolite total only to 90 wt%, including 4.38% Y 20l 

and 0.92% ceO (other REEs were not analyzed). Using a 

T ..... ' 
JlEJ'RESE.I'w'TATIVE PUGJOCLASE COMPOSITIONS 

""' .. ,ALL'" 35,0- BG&IDru' BGSlCUJ" '41" BGIlDH1A" we, 
1<&,0 0.26 0.54 O.SO 0.7:5 o.n 0 .44 

..." 0.25 0.39 0.44 0.26 0.56 0 • .59 
COO 19 .• 3 19.15 19.1. liUl 11.27 19.21 
roO 0. 11 0. 10 0.12 0." 0.19 0.11 
Al,o, 35.95 35. &5 35.0 3l.98 34.94 ".51 
~O, .3.3-4 44.64 44.08 .5.l] ..... .].64 

SUM 99.]. 100.61 99.7\ 99 .• 9 99.59 100.60 

•• " 94 " 94 " os 

• WDS "" .. lysis • EDS aoa.Iysili 

long counting time with the EDS we have identified the pres­
ence ofNd, Gd, Dy, Er, and Yb. Jfthe abundances of these 
elements are similar to those in lunar zirconolites (HAG­

GERT'{, 1973; MEYER and BocTO~ 1974), these REEs would 
comprise the missing components in the electron probe anal­
ysis. The major differences in composition between terrestrial, 
lunar, and POI zirconolites appear to be in their Ca and Fe 
contents. Terrestrial zirconolites show high Cao (> 10%) and 
FeO (5%) (LoRAND and COTTIN, 1987), lunar zirconotites 
show high FeO ( 10% ) and low CaO ( <3%), whereas zircon~ 
olite in the POls has moderate Cao (5%) and very low FeO 
(0.2%). The low FeO in the Allende zirconolite appears to 
be related to the very low concentration of Fe in the inclusion. 

,00 

~ r 60 

ON 

iii 
+ 
o 
'" 60 ,. 

." 
a 

POI COllPOSmONS 

• 

'a 

Group S 

• • 
Group 2 

.. ": Group t 

20 30 40 

CaO + Al!)3 (wUI) 
50 

FIG. 3. Difference in the amount of Cao + A!~) versus MgO 
+ Si~ among the three petrographic groups of POls. The compo­
sitional variation from high Cao + A1~! to high MgO + Si02 reflects 
changes in the modal mineralogy of POls from spinel·rich group 1 
to olivine-rich group 3 . 
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SIO, 

MgO. Fee 

"',0 

eao + AlA MgO+ FeD 

FIG. 4. Two representations of the bulk compositions of POls 
(filled symbols) compared with the compositional ranges of CAts, 
fine-grained CAIs, ferromagnesian chondruJes, and CA chondrules. 
Filled triangles are group I POI, squares are group 2. and circles are 
group 3. POls have lower Cao + AI~3 content than CAis but higher 
SiOz (a) and Na10 (b). Their compositions overlap with fine-grained 
CAIs and CA chondrules. Only the olivine·rich POI Redeye has a 
composition within the fidd of chondrules.. Sources of data are: CAis 
from MASON and MARTIN (1977)and MCSWEEN (1977);CA chon­
drules from BISCHOFF and KEIL (1984); fine-grained CAls from 
BRIGHAM (1990) and MASON and MARTIN (1977); ferromagnesian 
chondrules from MCSWEEN (1977). 

Sapphir;ne 

Sapphirine was observed in the two Allende POls 
BG82CLlI and 3510. This is the first reported meteoritic oc­
currence of sapphirine. The composition of sapphirine, cal­
culated from the average composition from four electron 
probe analyses (cf. Table 8), is 

Mg2.0IFeo.03Cao.oIMTlo.oIAI3.64CrO.~i 1.12 Tio.010,0 

and deviates from the ideal fonnula, M&2MSiO,o . Variations 
in sapphirine compositions attributed to the coupled substi­
tution of Mg and Si for Al have been observed in terrestrial 
samples, and a number of different fannulae have been pro­
posed (DEER et al., 1978). Terrestrial sapphirine closely ap-

0.9 

0.8 

0.7 

"* 0.6 

§. 0.5 

~ 0.<4 

0.3 

02 

D.' 

Group 1 POI Plagioclase 

• 
• " 

• 

D.' 02 0.3 0.' 
Mg (at.,,) 

• • • 

O.S 0.6 0.7 0.8 

FIG. 5. Electron probe wavelength dispersive (WDS) analyses of 
Na and Mg contents of plagiocJases in POls 3510, 5ALLB6, and 
BG82DH2. The data show that the Na and Mg contents in these 
plagioclases are linearly related; similar behavior has been observed 
in plagioclase in Type B CAIs (HUTCHEON et a1., 1978). 

proaches a solid solution series between M88AII~i<40.-o and 
Mg1AJls5iJO..o. However, the composition of sapphirine in 
the POls appears to be higher in MgO and 5i02 than terrestrial 
sapphirine (Table 8). A significant difference in minor ele­
ment abundances between Allende and terrestrial sapphirine 
is also observed. Allende sapphirine has much higher con­
centrations ofTi02 and Cr20] , presumably due to the higher 
abundance of these elements in the inclusions. Synthetic sap­
phirine crystallized from a melt whose composition approx­
imates compositions of sapphirine-bearing POls (SHENG et 
al., t 991) is also enriched in MgO and Si02 relative to the 
ideal sapphirine composition and has a composition corre­
sponding to Mfu:.12Cao.O!Alp4Si 1.10 Tio.OIO IO , very similar to 
that of natural POI sapphirine. 

Glass and mesostasis 

Many POls contain optically isotropic or very fine-grained 
regions in their interiors. These areas are localized either in 

TobI< • 
REPRESENTATIVE OLJVlJ'\'E COMPOSITIONS' 

"""" 'AUJW 'AJ..LB6' 35'" .,"" Bl40· BG!lCH)" ...... 
MaO ".2< '0.02 ..... 55.75 ".71 S6.57 
COO 0.38 0.2> 0.08 0.17 O.ll 0.'" 
MaO 0.27 0.1<4 O.OS 0.08 0.12 0.01 
F.o ).11 9.91 0.68 1.OS 15.70 1.11 
NiO 0.01 0.02 lI.d. 0.03 0.09 II .•. 

.u,o, 0.09 0.06 0.1l 0.02 lI.d. 0.13 
c.-.o, 0.20 0.03 0.<42 0.04 0.03 0.23 
0;0, .1.29 "'. ,. 42.1<4 42.39 39.89 42.29 
r.o, 0.22 O.OS 0.29 0.13 0.D7 0.09 

SUM 101.31 101.)4 100.23 100.66 101.30 100.89 

Fo .. 90 .. .. .. .. 
• WDS lID&Iysis 
II .•. - DOt malyu:d 
• dusu:r oliviDc 
• inl.eri0f" oliviDe 
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FIG. 6. Representative WDS analyses showing CaD versus FeO 
contents of olivines in three POls. Filled symbols are ana1yses of 
olivine phenocrystS in the interior of POls. and open symbols are 
analyses of granular olivines located in the clusters embayed at the 
rims of POls (see Fig.. If) . Circles represent olivines of 5AllB6. 
triangles represent B 14D, and squares arc 35 10. Otivines in the ioterior 
of POls are characterized by lower FeOt in contrast to the much 
hig.hc:r and variable FeO content of olivines in the clusteTS. Within 
an individual POI, CaD contents of both occurrences of olivine are, 
however, similar. 

interstitial regions or as matrix surrounding randomly ori­
ented euhedral silicates. There is no clear evidence of reaction 
at mesostasis-crystal contacts. These areas contain very high 
Na,O (> 10% ) and in extreme cases can account for 90% of 
the total Na content in the bulk POI. SiOl is also high in the 
mesostasis, but Cao is depleted relative to the bulk compo­
sition of the inclusion. The composition of a residual melt 
derived by subtracting all the major phases from the bulk 
composition of the POI is similarto the composition of the 
mesostasi.s, suggesting that the mesostasis regions are the 
product of fractional crystallization rather than low-temper­
ature metamorphism. 

10,--- - ---- - -----, 

• 
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§ 4 
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2 
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• 6 8 
0isIBnc:e (miI::fOns) 

10 r im 12 

FIG. 7. Variation of e r con lent between the Cr-rich rim and the 
Cr-poor core of a crystal in 5ALLB6 (cr. Fig.. 2c). The data indicate 
the C r-rich overgrowth is on ly 1-2 pm wide, with little diffusion of 
Cr into the interior of the host spinel . 

T .... ' 
REPRESENTATlVE SPU\"£L COMPOSJTIO~'S 

""o. 5AU.N" 5AU.B6" BGIlO..IJ. ICalCLUO BCIlDHr BC&lDH1A· .... ~ 
..." 27.19 27.01 26.57 21.17 26.01 25.5] 
c..O 0.00 0.00 0. 10 O.ll 0. 12 0.22 
.cO D ... 1.19 0.70 '.87 2." 3.29 
.... 0, " .6! " .J< " .77 65 .• 1 68.46 69 .15 
v,o, 0.31 0." 0.09 •. ~ 0.4] 0.22 
c.-.o, 0." 9.76 I.,. .... 0.13 0.95 
Sio, 0.00 0.00 ' 0.46 0.7 1 a .d. 0.37 
no, 0.43 2." 0.33 0.72 0.71 0.19 

SUM 99.95 99.9] " .n 98.70 99.11 " .92 

Nwnbe' 01 a tiom lDlIWiaed 10 , DXYIeni ... 0 .... D.'" US! 0.793 0.942 0.919 
c.. 0.002 0 0.00] O.CX)] 0.003 0.006 ., 0.019 0.025 0.014 0. 186 0.052 0.066 
AI ' .962 1.706 1.974 1.936 1.- 1.967 
V 0.007 0.014 0.002 0.008 0.004 
c.- 0.011 0. 191 0 .024 0.033 0.016 0.018 
Si 0 0 0.011 0.0)8 0.009 
Ti 0.008 0.055 0.006 0.014 0.01l 0.003 

SUM 3.002 2._ 2.913 2.9&4 2.995 2.99) 

• EDS .... "" 
'WDS -:J)'5is 

Magnesium Isotopic Data 

The Mg isotopic data were obtained on several different 
crystals of the major phases in each of the POls studied . The 
purpose was to establish the presence of isotopic effects due 
to either mass-<iependent fractionation, genera] nonlinear ef­
fects, or radiogenic 26Mg- from 26A] decay. During the course 

T",, _ 
llEJ"RESEPI,'TATlVE PYROXENE COMPOSITIONS ..... 5AU.B6" 3510' BICD" BCIlCLh- BClIDm" ALA I ·2' .... ~ 

..." 13.1l 34.97 )1.40 21 .75 ').71 14069 
c..O D .lI 0.43 4.47 16.24 1.91 22.41 
MoO LL Ld. 0.10 0 . .0 0.50 a .• . 
.cO 0. 19 0." 0.92 1.16 1.02 0.22 
.u,o, 10.57 7.12 ' .70 3." 3." 9.55 
V,o. 0.33 ~.d. 0.30 • . d. 0.10 a.d. 
c.-,o, 0.71 0.50 0.70 1.10 1.30 0.30 
Sio, ."" 53. 14 53.59 S2.OO Sl.95 44.20 
r.o, 10.75 2. 14 I." 2.93 3.'" I.SS 

SUM 101.11 ..... 91.6] ..... 99.18 99.92 

N..a .... 01 catiola --ri.ad 10 'nrrens ... 0.700 1.768 1.623 1.162 1.737 0.791 
Co 0.903 0.016 0.166 0.624 0.071 0.874 ... 0.003 0.015 0.013 ., 0.006 0.012 0.024 0.020 0.016 0.007 
AI 0.449 0.) 13 0.233 0.163 0.148 0.410 
V 0.010 0.001 0.00) 

'" 0.020 0.013 0.019 0.031 O.OlS 0.009 
Si .... , 1.103 I.'" 1.865 1.162 J.610 
To 0.'" 0.055 0.038 0.079 0.080 0.237 

SUM ) .928 3.910 3.973 3.959 3 .... 3 .... 

Ti-S<J, " 71 

, EDS~ys;i, 

"WDS .... "" 
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PYROXENE CQMPOsmON 

2S 

20 Type Bl CAl 

• 
~ '5 
f • 

" 
~ • 
~ 10 

• • 
'10 • • • , 

• 

5 '0 15 
T02(wt%) 

FlG. 8. Plot of AhO) versus Ti~ showing the: bimodal distribution 
of pyroxene compositions in POls. Titanium-rich pyroxenes plot 
along the I: I line. A second group, characteristic of the Ti-JXX,lr py­
roxenes in POls. shows much higher AhOl/TiO! ratios. A oomparison 
with fassaites of Type Bl CAls (WARK., 1987) shows that fassaitic 
pyroxenes in POls are compositionally distinct with much lower A1~1 
contenlS. 

of these analyses it became clear that particular attention to 
the isotopic homogeneity of POls was required. Measure­
ments on spinel, olivine, pyroxene, and plagioclase are sum­
marized in Tables 9 and 10. 

The most striking feature oftbe isotopic data is the extent 
of Mg isotopic heterogeneity within and among the POls. 
Seven of the founeen inclusions examined in this study ex­
hibit variations in FMr. among coexisting phases. (POI SA-I, 

T .... " 
.utMALCOUTE COMPOSlTlONS" 

"'"'" 
, ....... BGIlDRl' ALAl-r '-" DUIro' 

... ~ 
>flO 10.68 16.99 1).75 6.9] '.40 
CoO 0.98 2."1 0.69 0.32 0. 10 ...., u. O.L U 0.16 0.55 
• .0 '.10 6.37 2.49 IS.'" 13.50 
",,0, 1.21 '.57 3.78 1.61 1.25 
VA 1.41 0.60 0.96 D ••• D ••. 

vA ,.U 0.83 0.26 2." 0.22 
SiO, 0.5. 1.10 1.40 0.32 0. 10 
T.o, 74.23 70.25 16.67 74.8:2 75.20 
z.o, 0.30 a.L II .•. <O.OS 0.11 

SUM 99.00 100.12 99.60 101.73 99.0 

N~ of catioas IIDI'IA&lized to 5 ur&a15 .., 0.553 0.870 0.61S 0.363 0 .... 
Co 0.036 0.089 o.oz' 0.012 0.004 
Mn 0.041 0.019 

•• 0.198 0.183 0.070 0.407 0.401 
AI 0.050 0.064 0.149 0.067 0.OS3 
V 0.039 0.017 0.026 
v 0.101 0.023 0.007 0.068 0.006 
Si 0.018 0.038 0.047 0.011 0.004 
To 1.9041 1.815 1.927 1.976 2.0\7 
z.. 0.005 0.001 0.002 

SUM 2.9<. ,.<'" 2.936 2 .... 2.952 

• WDS -.lyAs 
o.a.. from: • Hagc:ny (1973): I ~ (1981); • Thi5 smdy 

T ..... 
SAPPHIRINE COMPOSITIONS 

0Ddr "BG1Ila.D "3510 ... - ........ 
... ~ ..,0 23.58 23.13 21.5 19.89 

COO 0.15 0.22 0.52 1.1l 
MaO 0.12 D.d. 0.04 u 

'00 0.52 0.27 , .... ].16 
",,0, 53.92 5].16 58.0 ... n 
VI>, 0.06 0.15 II ••. a.L 

v,o, '.19 1.12 D .•. u. 
Sio, 19.49 18.SO 16.0 16.71 
T.o, '.60 2.30 0.01 0.67 

SUM 101.33 99.55 98.97 96.33 

Number of mtions AOf'IDalbed to 10 0lI1IeIl$ .., 2.010 2.003 1.880 1.800 
Co 0.009 0.014 0.03J 0.073 
Mn 0.006 0.003 

•• 0.0lS 0.013 0.190 0.160 
AI 3.6].4 3.688 4.010 ).918 
V 0.003 O.OC17 
v 0.085 O.OSI 
51 I.IIS 1.075 0.919 1.014 
T; 0.069 0.10) 0.031 

SUM '.956 6.952 7.055 6.986 

- Thi.J 5Nd)': ~ of 4 WDS anaJ)'5Q: 
• EDS analysis; - appbiriDe iD bon::Iblc::ock­
~uliti( facies rock from ltaliao Alps 
(LcmdI, 1971): I appbiriDe rrolll Anwctic. 
(Squil, 1957). 

studied by KENNEDY el aI., 1991, also contains internal vari­
ations in FMI but is excluded from the present discussion.) 
The predominant isotopic effect, present in seven POls, is a 

T.ble' 
M&: ISOTOPIC COMJ'OSITlONS or POI Pl..AGIOCLASE 

SAMJU I'~" I....... 11IAII"M.a ;2. IDeaJl :tu IDtan :t1. IIIGfI 

SALLB6: pla&1 I.S ± 3.3 6.0 ± 5.6 113 ± 5 
SAllIU pIql 0.5 ± 1.8 2.2 ± 2.1 161 ± 5 ....... ...., 0.9 ± 1.3 4.2 ± 1.1 222± , ,All.II<_ 1.5 ± 1.7 1.2 ± 1.9 no ± 5 
BGl2O.J., plql 1.4 ± 1.5 ..(J.I ± 2.1 78 ± S 
BI4Dpba1 1.0 ± I.l 2.J ± 2.2 "., 
BleD pla&2 2.2 ± 1.8 I.l ± 3.0 159 ± 5 
lSlt plql 4.3 ± 2.1 S9 ± 5 
lSlO All I" -1.0 ± 1.8 5.0 ± 3.0 98 ± 5 
lSlO All 2-1- 0.5 ± 2.4 6.0 ± 4.0 128 ± 5 
3510 An 2-r -2.1 ± 1.8 7.0 ± 1.0 101 ± 5 
lSlO Au 2·]" ·2.0 ± 2.2 3.0 ± 4.0 " ., 
)510 All S" ·2.2 ± 2.0 2.0 ± 4.0 114 ± 5 
BGBlDH2 pIa& J 3.J ± 1.9 62 ± 5 
BC82DHl pIa&2 1.2 ± I.l 1.0 ± 2.3 87 ± 5 

WX .... ' 8.0 ± 2.4 · 2.1 :1 4.9 183 ± 5 
WX pIql 6.3 ± 1.8 0.0 :1 ] ,2 ISO ± 5 
vm plql -1.0 ± 1.6 ..(J.4 ± ].0 II) ± S .., ..... -1.0 ± 1.0 -1.1 ± 1.8 "., 
BCIlOfI pilla) 4.6 ± 1.4 ..(J. B ± 2.4 3S ± 5 
BCIlCHI pllla2 J.7 ± 1.6 O.J ± 2.6 40 ±' 
1ICI2CH1...., 4.8 ± 1.4 J.2 = 2.5 39 ± 5 
ALAI-2 p1qJ -3.3 ± I.J ..(J.6 ± 4.9 178 ± 5 
BGl2Q.D p&ql I.8 ± U ..(J . I ± 2.1 78 ± 5 
RIDEYE p.,l· 0.5 ± 2. 1 1.3 ± 0.9 

- Dw from HUIdJooa (1982): • OW &om ~ou cI Ill . (1984) 
tF ... v..I_DOt~. 
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Table 10 
Na ISOTO"C COMPOSITIONS OF 

0TllEIt I'IlASES 

I; ...... I ........ 
. %1._ ±1. __ 

............ -J.] ± 0.1 0.9 ± 1.9 

1GIlCLIb'" -4.1 ± ).() 0.6 ± 1.9 
lGIlClJbolZ -4.4 % t..l 0.1 ± 2.0 
351. all 0.] ± 0.1 -2.1 % 1.3 
35100(' 0.4 % 1.0 2.S % 1.2 
351.0(' -4.1 % 1.2 -4.8 % 1.4 
BGIlDB:Z oil -J.] % 0.1 2.4 % 1.5 ....... -1 .2 % 0.1 -1.7 ± I.S 
BGIla.D oil -U % 0.9 0.9 % 1.5 
BGIlQ.J. on 1.0 ± 0.1 0.3 ± 1.2 
ADEL-10I1 1.0 % 0.9 -0.5 ± 1.6 
ItEDEYE 011 2.6% 1.1 -1.1 % 0.2 
REDER ol1 0.7 % 1.1 -0.4 ± 0.2 

5ALL8Ci !pI 6.4 % 0.9 3.1 ± 1.1 
5Al.L1Wi Ipl 6.0:l. 1. 1 0.0 ± 1.9 
5All.11< .,., 3.1 % 1.1 3.6 ± 1.1 
5All. ..... 4.6 ± 1.0 0.1 ± 1.6 
5All.II<,.s 4.2:l. 1.1 1.1 ± 2.1 
5Al.L"N sp6 5.1 ± J.O 0.$ ± 2.2 
5ALL8Ci 197 5.0 ± J.1 4.1 ± 2.2 
BCIlCUb 51'1 5.4 % 1.2 0.2 ± 2.0 
BI4D 191 1.4 % 0.9 0.9 ± 1.6 
BI4D Jpl 0.1 ± 1.0 0.3 ± 1.1 
3510 191 1.9 ± 1.3 1.1 ± 2.3 
BGIlDIU 51'1 4.9 % 0.9 0.9 ± J.7 
BG&1DIU .,., 4.4 ± 1.2 2.4 % 2.1 
ALAI-l 'PI ·1.0 % 1.1 1.9 ± 1.9 
ALAt.llpl -4.) % 1.0 0.1 % 1.1 
ALAI-2 spJ -4.1 % 1.0 2.) % 1.8 
ALAI-l sp4 -4.0 ± 1.0 0.1 % t.1 
BGIla.D 191 11.1 ± 1.1 2.2 % 2.0 

BGIlCLD "" 
7.1 ± 1.1 2.4 % 2. 1 

BGIlCLD .,., 1.6 :t 1.0 0.) ± 1.9 
BGala.n ... 1.4 ± 1.2 1.3 ± 2.0 
ADEL-l ",1 -3. ) ± 1.0 2.7 ± 1.1 
ADEL-11pl -1.0 ± 0.9 0.6 ± 3.0 
LEOl_ 'PI 1.1:l. 1.0 0.9 ± 1.1 
LEOI_iJPl 1 .1 % 1.0 1.1 % 1.6 

5ALLIWi fU'1 1.9 ± 0.9 1.3 % 1.7 
5AlLl1< ,.,.: 0. 1 ± 1.0 3.0 ± 1.1 
'AlLlI< ,.., 1.4 :t 2.4 -0.1 ± 4.0 
5All.B4i JIll4 5.21: 1.0 -4.3 ± 1.1 
'All.B6 ,.., 5.51: 1.2 -1.0 ± 2.0 
5A.Ll..B6 pri 4.01: 1.3 2.11:2. 1 
BGIlDRl JIllI 2.1 1: 0.7 1.2 ± 1. 1 
BGIlDm,.,.: 3.91:0.1 0.0:l. I." 
ALAI-l JIllI -4.7 ± 0.9 1-' 1: 1.6 
ALAI·l J*l 1.3 ± 0.9 -1.4 1: 1.6 
BGSlCLD pxl 0.4 ± 0.9 3.2 :l. I.S 
BGIlCLn pll 1.1 :t 1.0 0.0 1: 1.1 
BCIlCLD )Illl 2.7 :t 0.9 -1.1 1: 1.6 

• [)au from Huu:lw:on (1981) 

significant difference in FM& between spinel and coexisting 
silicates (Fig. 9a). Differences in FMI between silicate phases 
are found in three POls (Fig. 9b), two of which also contain 
isotopically heterogeneous spinel. In four POls (BG82CLlI , 
5ALLB6, BG82DH2, and BG82CUb) sp;nel ;s enriched ;n 
the heavier Mg isotopes relative to silicates., whereas in two 
inclusions (ALA 1-2 and ADEL-I) spinel is enriched in the 
lighter Mg isotopes. The total range in F M 1 , -8 to +11 %0/ 

amu, is surprisingly large in view of the igneous textures of 
nearly all POls and is much larger than the variation in FMI 

found in other (non-AlN) refractory inclusions. Within in­
dividual POls., FMa in spineJ is not constant but may vary by 
up to 7~/amu. Spinels containIng isotopically fractionated 
Mg are found in all three petrographic groups of POls, but, 
in general, the most pronounced isotopic heterogeneity is 
found in those inclusions that have abundant spinel. For ex­
ample, BG82CLII, which contains the most spinel (30%), 
also has the largest range in fractionation among its constit­
uent phases, -I < FM,. < II %o/amu. No correlation between 
FM& and spinel chemistry was observed. The evidence of Mg 
isotopic heterogeneity in silicate phases within POls resembles 
that in spinels but occurs much less frequently. Variations 
in FMI among coexisting pyroxenes occur in two POls, both 
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FIG. 9. Magnesium isotopic fractionation. F ..... ploned in pennil 
per amu for ( a ) spinel and (b) pyroxene. olivine. and plagioclase 
from 14 POls. Seven of the founeen inclusions are isotopically het· 
erogeneous. Spinel in sill POls exfubits enrichments in both the lighter 
(ALAI-2 and ADEL-I) and heavier (SALLB6. BG82DH2. 
BG82CLII. aDd BG82CUb) Mg isoiOpes. but F ... is always either 
positive or negative within an individuaJ POI. Fractionation effects 
in pyroxene and olivine are comparable in magnitude but occur in 
only three POls. Olivine has a normal Mg isolOPic composition in 
al1 inclusions. The 20"_ error in FJq. based on the reproducibility 
of standards, is shown as the vertical dotted lines in (a) (spinel) and 
(b) (pyroxene). and as a dashed line in (b) (plagioclase) . 
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belonging to petrographic group I, while only one inclusion 
(PPX. a group 2 POI) contains plagioclase with a distinct 
F~. Despite the scarcity. the magnitude of the differences 
in FMf. among silicates is similar to that of differences between 
spinel and silicates. Fassaitic pyroxenes in SALLB6 exhibit 
both the largest Mg fractionation and the greatest range of 
EM. among POI pyroxenes; FMa in fassaite ranges from 0 to 
5.SL/amu compared to a range of3.7 to 6.4%o/amu in spi­
nel. One feature that distinguishes the isotopic record of py_ 
roxene from that of spinel in both 5ALLB6 and BG82DH2 
is the .presence of some isotopically DonnaJ pyroxenes (EM, 

= 0) 10 both POls. All of the spinels in both inclusions in 
contrast, have FM• > O. • 

Isotopic fractionation effects in plagioclase are restricted 
to inclusion PPX. Plagioclase appear!i to be isotopically her 
mogeneous, with fractionation favoring the heavier Mg is<r 
topes, FMI == +7L/amu. Spinel is rare and very small in 
this inclusion, and we were unable to obtain isotopic mea­
surements of spinel. Olivine in PPX has FM& == O. 

In sharp contrast to spinel and pyTOxene, olivine in all of 
the POls contains isoto~ical ly nonnal Mg. The values of FMI 

c1.uster about zero, rangmg from -1 .5 to + l %ojamu. No sig­
nificant variations in isotopic composition were found for 
interior olivine phenocrysts or for the more Fe-rich olivines 
located in the equigranular olivine clusters. 

Most POls do not show evidence for radiogenic 26Mg-. 
Only two POls, 3510 and 5ALLB6, show small but significant 
enrichments in 26Mg. The 26Mg/2'-Mg ratios in plagioclases 
in these two inclusions are correlated with the respective 27 AI/ 
2'-Mg ratios measured at the same point of analysis. Four of 
the six plagioclase analyses in 3510 indicate clear 26Mg ex­
cesses (Fig. 10). The linear correlation between the 26Mgj 
24Mg and 21Alj24Mg ratios strongly suggests the in Silu decav 
f

u . 
o AI. The best-fit slope of the isochron for 3510 (Fig. JO) 
and 5ALLB6 corresponds to 26Mg_/21AI = 6.1 X JO-6. and 
26Mg-/ 21 AI = 2.6 X 10 -6, respectively. In all the other POls 
this ratio is less than I X J 0 -6 . 

3510 .. 0......-.. ~~~e 

~ • I 
'" j ::s 
~ 

T 0 

-< 
0 .. .. .. .. 

"AI / "'Ws: ""' dO ... 
Flo. 10. Correlation of the lfiMgj 2·Mg ratio exp=sc<! as '''Mg 

( "I) .... 27 2. ' I,J penn~ • ~UI the Al l Mg mtio for coexisting plagioclase, olivine. 
and spinel In POI 35 10. Plagioclase contains small but clearly resolved 
lfiMg excesses ~ndic:ati "e of the in s iru decay of26AI. The best-fit slope 
ofthe correlation hne, correspondi ng to ( 26A1 / l 1AI)o :o 6.1 x 10-6 
is much less than the value of -4 x IO-~ characteristic of man~ 
Type BI CAb. • 

DlSCUSSION 

PlagjocJase-olivine inclusions constitute a distinct group 
of objects distinguished from both CAIs and chondrules by 
their mineralogy. chemistry, and isotopic composition. Ot? 
jects that have the closest resemblance to POls are the Type 
C (or I) CAIs (WARK, 1987; GROSSMAN, 1975) and CA 
chondrules (BISCHOFF and KEtt.. 1984). Type C CAIs are 
anonhite-rich (An99-lOo) refractory inclusions with substantial 
amounts of fassaite and spinel, and can have melilite and 
olivine. CA chondrules are smaller (O. I-il.8 mm) than POls 
(0.5- 5 mm) and _ commonly consist of elongated, panly 
skeletal crystals of fassaite and oli vine embedded in a fine­
grained Na-rich microcrystalline to glassy matrix. Plagioclase 
is a minor phase in CA chondrules and , when present, is 
more sadic ( mean An80) than the plagioclase in POls. Spinel 
is rare in CA chondrules and contains high FeO ( 12-20 \\1%), 
in sharp contrast to spinel in POls. POls are easily distin­
guished from both CA chondrules and Type C CAts on the 
basis of their petrography and mineralogy. and compose a 
distinct group unrecognized in previous stud ies. A compar­
ison of the chemical features between POls, Type C CArs. 
and CA chondrules as well as T ype B CAls is shown in Ta­
ble II. 

The spheroidal shape and igneous texture of POls are con­
sistent with crystallization from liquid droplets. However, in 
the following discussion we will show that there are several 
features that preclude fonnalion by equilibrium crystalliza­
tion from an initially homogeneous liquid. A major challenge 
is the reconciliation of the chemical and mineralogical evi­
dence suggestive of an igneous origin with the isotopic evi­
denoe suggesting the presenoe of relict phases and incomplete 
melting. 

Interpretation of Textural and Chemical Features 

The petrographic observations strongly suggest that POls 
experienced an igneous history. The subophitic texture com­
mon to many POls. consisting of plagioclase and olivine phe­
nocrystS embedded in a fine-grained matrix, is similar to that 
found in rocks known to have crystallized from rapidly cooled 
melts. The porphyritic. barred, and radiating texturt"S also 
found in several POls are commonlv observed in chondrules 
and these textures have been rep;oduced in experimentai 
studies (LoFGREN, 1980; LoFGREN and RUSSELL, 1986; 
TSUCHIYAMA et aI., 1980). Cooling rates of20- IOO°C/ min 
are suggested by these studies. 

Experimentally determined phase equilibria in sYStems 
appropriate to POI bulk compositions (SHENG et al. ,· 199 1) 
also suppon the interpretation that POls crystallized from a 
homogeneous melt. Both the mineral assemblages and the 
inferred sequence of crystallization in the natural POls are 
consistent with experimental results. In nine POls spinel is 
the first phase to crystallize. whereas in seven other POls 
olivine is the earliest crystallizing phase, followed by either 
spinel. pyroxene, or plagioclase. In all 16 of these POls the 
observed phase assemblages are compatible with equil ibrium 
or fractional crystallization. 

Fractional crystallization of the parental melt is also the 
most plausible explanation for the overgrowths of enstatite 
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T.~ 11 Bulk c:-.px:itions 01 POI, Typt B CAl, Type C CAl and CA CbondnaIes 

POI Type C CAr CA dIoDdnak' Type B CAr 

(IWLY.j na.re (-I lUll" I_I nntc(-I ~(-) 

No,O 0.7-6.8 (l.S) O.0:5~. ' (O.2) 0.5-4.6 (4.5) 0 .01-(1.9 (0.3) 

MaO 10-45 (19) ,4-13 (7) .. " (14) 9-16 (10) 

e.0 2·11 (10) I"" (22) .... (7) 12-32 (27) 
_.0 0.6-6.5 (l) O.J.Q.!I (0.4) 2-1" (') O.l--! .' (1.1) 
..,0, "17 (22) ~7 (32) 11-21 (17) 25-" "') <r,o, 0.1.0.9 (O .• 5) 0.03-0.5 (O. Il) 0. 1-3.2 (0.5) <><1.08 (O.OS) 
SiO, )6-SO (41) 21 .... 1 "7) 4\)." (51) 2S-3S (29) 
TiO. 0 .• -1.1 (0.1) 0.6- 1.6 (1 . 1) 0.H .3 (0.7) 0.9-1 .9 (I .5) 

• [)WI from wut. (1987) 
I Dw from Bisc:boff UId Keil (19&4) 
• Dala from Muoa mel Mart.i1I (19n). McS_ (19n) 

around olivine and diopside around pigeonite in severa] in­
clusions. The cores of these crystals represent an early crys­
tallized phase that was isolated from the liquid. The over­
growth of enstatite around olivine can be attributed to in­
creasing Si~ content in the liquid. whereas diopside 
overgrowths around pigeonite result from increasing Cao in 
the liquid. 

Additional evidence suggestive of equilibrium or fractional 
crystallization is provided by variations in the cbemical com­
position of plagioclase and olivine. Experimental data of PAN 

and LoNGH I ( 1989) in the Na20-Ca0-MgO-Ah03-Si02 
(NCMAS) system, simulating compositions ofalkaJine basic 
lavas, show that for liquid compositions containing 4.2 to 
5.3% Na20 , the corresponding plagjoclase compositions range 

between An9~ and Ann . Whereas these results agree quali­
tatively with our observations in POls, the nepheline-nor­
mative composition used by PAN and LoNGHI (1989) limits 
the applicability of the data. YURlMOTO and SUENO ( 1984) 
determined the aystaI-liquid partition coefficients between 
olivine and plagioclase and tholeitic basa1t magma. Using 
their experimental results and measured Na concentrations 
in POI plagioclase, we calculate that the parent melt for POls 
would have contained 0.5 to 2.8% Na20. Thus., to the extent 
that the bulk composition of the POI system can be approx­
imated by tholeitic to alkalic basaJt melts, the experimental 
data on the distribution of Na between crystal and melt are 
in good agreement with our data on natural and synthetic 
POls., and suggest that substantial Na20 was present in the 
POI parent melt during crystallization of the major silicates. 

The calcium content in interior olivines in POls is consis­
tent with the experimentally determined calcium partition 
coefficient between olivine and liquid in the NCMAS system 
for basaltic compositions (WATSON, 1979). The Cao content 
in olivines typically exhibits a progressive decrease from center 
to rim. An example of this behavior for an olivine from in­
clusion BG82DH2 is shown in Fig. II . The predicted Cao 
content in the coexisting mett, ca.Jculated using the distri­
bution coefficient of WATSON ( 1979), is in excellent agree­
ment with the measured Cao content of the bulk inclusion. 

The preceding discussion has focussed on characteristics 
of POts that are compatible with an igneous origin. The ma­
jority of the chemical and mineralogica.J properties of 16 of 
the 20 POls examined fall into this group. However, in four 
group 2 POls the presence of spinel contradicts the experi-

mentally detennined phase equilibria. Spinel should not 
crystallize at equilibrium from melts of the respective bulk 
compositions of ADEL·I, BG82CH I, SA-I , and BG82CU a. 
In ADEL-I. BG82CHI, and BG82CUa spinel is rare and 
strongly resorbed, and only occurs included within plagi" 
c1ase. In SA- I spinel occurs as rare inclusions in plagioclase, 
olivine. and pyroxene. The extent of disequilibrium in ADEL· 
I is emphasized by the presence of both spinel and tridymite 
in close proximity. Phase equilibria data (loNGHI, 1987; 
loNGHI and PAN, 1988) clearly show that these two phases 
are incompatible, and textures suggest that spinel is a relict 
phase. The strongly resorbed character of the spinels., with 
serrated and em bayed boundaries (Fig. 2a), can only be ex­
plained by reaction with a spinel-undersaturated liquid. The 
preservation of relict spinels in such a liquid at high temper­
ature is possible only as a result of isolation of the spinels 
from the liquid by inclusion in early crystallizing plagioclase 
crystals. Relict spinel that remained in contact with the liquid 
would rapidly dissolve, explaining the low abundance ofspi­
nel in these POls. 

The preservation of relict spinel is also the most plausible 
explanation for the Cr-rich mantles on Cr-poor spinel in in­
clusion 5ALLB6. Although spinel can be the earliest phase 
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FIG. II. Electron probe WOS analyses showing the variation or 
Cao across an olivine phenocryst in BG82DH2 (open circles) . The 
measured CaO contents art compared with the predicted values (solid 
curve) calculated using the experimentally dctennined distribution 
coefficien t ( WATSON, 1979). The agreement between the measured 
and predicted values indicates equilibrium crystallization or oJi\ine 
from the: POI melt. 
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to crystallize in this inclusion, the large difference in Cr20 3 
contents between core and mantle suggests that the coexisting 
spinels could not have crystallized from a single homogeneous 
melt Since Cr is a compatible element in spinel, spinel crys.­
tallized from a Cr-rich liquid should contain substantial Cr, 
aDd the early crystallization of spinel will deplete Cr in the 
liquid. If spinel is zoned, the zonation should be gradational 
with decreasing Cr from core to rim. In contrast. the spinels 
in SALLB6 have Cr-poor cores and Cr-rich overgrowths (Fig. 
2c). Analysis of Cr contents in spinels and coexisting Cr­
doped glasses with compositions similar to POls and CAls 
suggests a partition roefficient of Cr between spiDel and c0-

existing liquid of approximately 40 (SHENG et aI., 1991). 
The partition coefficient of Cr between olivine and a basaltic 
liquid is about 1 (LEEMAN and SCHEIDEGGER, 1977). Since 
the olivines in SALLB6 contain about 0.2% CrJOJ. and the 
core and mantle of the spinels contain <0.5% aDd 5- 10% 
Cr10), respectively, it is apparent that the Cr-poor spinel 
core could not have crystallized together with the olivines 
from a liquid, whereas the Cr-rich spinel rims could. We also 
note that in a preliminary experiment. we were able to grow 
a 2 pm wide layer of Cr-rich spinel on a wafer of Mg-rich 
spinel by placing the Mg-spinel in contact with a Cr-doped 
spinel-oversaturated melt with composition similar to a POI. 

The petrographic and chemical evidenc:e indicates that the 
Cr-rich rims were late overgrowths on the Mg spinel core. 
The spinel overgrowths, crystallized from a spinel-oversatu­
rated, Cr~nriched liquid, thus were in equilibrium with the 
liquid and should contain isotopically nonnal Mg (see dis­
cussion on POI fonnation). We attempted to verify this pre­
diction by searching for differences in Mg isotopic com~ 
sition between the core, FMa - 6%o/amu. and mantle ofa 
spinel in SALLB6. The difficulty we encountered was to 
measure the 1 micron wide rim with an ion beam about 5 
I'm in diameter. We attempted to analyze a spinel enclosed 
in plagioclase by stepping the primary ion beam onto the Cr­
rim from the plagioclase side. Ideally. if we positioned the 
ion beam such that it was tangent to the Cr-rich boundary 
within the spinel, the bulk of the Mg '" ion signals would have 
been derived from the Cr-rich spinel. However, the results 
show that the maximum Cr/Mg ratio in the spinel from the 
ion probe analysis is an order of magnitude less than the ratio 
from WDS analysis. This suggests that there was a significant 
overlap of the ion beam into the Mg-rich spinel core, inhi~ 
iting our ability to decipher the Mg isotope composition of 
the Cr-rich spinel mantle. 

Implications of Igneous Texture versus 
Me Isotope Helerogeneity 

Our studies show that at least seven POls are isotopically 
heterogeneous in Mg. Four of these seven are group 1 inclu­
sions, two are group 2 inclusions-one of which was reported 
by KENNEDY et aI. ( 1991 )-and another is a group 3 POI. 
The presence of spinel with distinct Mg isotopic compositions 
suggests that some spinel are relicts and carry the isotopic 
signature of a different source region. Relict phases can be 
identified on the basis of differences in isotopic composition 
(FMJ) or by their occurrence in inclusions whose bulk com­
position does not all ow crystallization of the phase. The 

compositions of the group 1 POI are spinel-saturated, and 
relict spinels cannot be identified petrographically. However, 
differences in FM& between coexisting spinel and silicates, and 
among spinels of up to Il%o / amu, strongly suggest that some 
spinels are relicts. Four group 2 POls have spinel-unde~t­
urated compositions, and phase equilibria considerations re­
quire spinel to be a relict phase. Spinel is rare and small (s2 
I'm) in this group of inclusions, making isotopic measure­
ments very difficult. In two spinel-unde~turated POls, the 
observed differences in F.,..,. between spinel and silicate support 
the identification of spinel as a relict phase. 

The variation in mineralogy and bulk composition among 
the POls implies a range in refractory "character" and melting 
temperature among the inclusions, and suggests that the 
abundanc:e of relict phases may vary systematically among 
the POI groups. Relict spinel would be expected to be most 
abundant in POls with the lowest melting temperatures., yet 
sufficiently refractory to contain some spinel. The spinel-rich 
group I POls have the most refractory bulk compositions, 
while calculated melting temperatures, based on the method 
of BERMAN (1983), show that groups J and 3 have roughly 
equal melting temperatures (ISOO-1700°C), while group 2 
POls melt at significant1y lower temperatures. Four out of 
six group 1 POls that we analyzed show isotopic hetero­
geneities plausibly attributed to the preservation of relict spi­
nel. However, the scarcity of spinels large enough to analyze 
isotopically in the other groups of POls makes it difficult to 
answer unambiguously the question ofa correlation between 
the abundance of relict spinel and POI bulk composition. 

As shown in Fig. 9a, the isotopic fractionation of spinels 
in POls can favor enrichment in either the lighter Mg isotopes 
or in the heavier Mg isotopes, but never both in the same 
inclusion. Fractionation effects in silicates, found in only time 
POls, have similar magnitude but always exhibit positive FMC 

values. This Mg isotopic signature clearly distinguishes POls 
from both refractory inclusions and chondrules. With the 
exception ofcrysta.ls in the Wark-Lovering rims of some CAls, 
most coarse-grained CAls and chondrules are isotopically 
homogeneous in their 15Mg/24Mg ratios (MACPHERSON et 
aI., 1988). Types A, B, and C CAts generally exhibit little 
evidence of Mg isotopic fractionation, and when isotopic 
fractionation is present FMI is always positive. I....arge, positive 
isotopic fractionation is found in ruN inclusions, but most 
FUN CAts are also isotopically homogeneous (WASSERBURG 
et aI., 1977; £SAT et aI., 1978; ClAYTON et aI., 1984) . An 
important exception are the purple, spinel-rich Allende in· 
clusions, some of which exhibit both large isotopic fraction· 
ation and variations in EM. among coexisting phases 
(BRIGHAM et aI., J988; BRIGHAM, 1990) . Isotope fraction­
ation in these inclusions is always positive, and the isotopic 
heterogeneity is believed to reflect panial isotopic exchange 
during alteration. Many fine-grained inclusions, in contrast, 
are fractionated favoring the lighter Mg isotopes and are usu­
ally isotopically heterogeneous within individual inclusions 
(BRIGHAM, 1990). The POls are thus distinguished from 
these types of inclusions as the first group of objectS to exhibit 
both positive and negative Mg isotopic fract ionation and the 
first group of igneous-textured inclusions to exhibit hetero­
geneity in FMC with such frequency. 
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A major challenge posed by the data as to understand the 
preservation of large Mg lsotO-pe beterogeneities and in at 
least one POI, BG82CLtl, the generation of a bighly frac­
tionated Group II REE panern (SHENG et aI., 1990), in a 
class of objects wbose textures would otherwise suggest crys­
tallization from a homogeneous melt. Two possible models 
can be constructed wjthin the constraints imJ)OSed by our 
data. One model suggests that each inclusion is an aggregate 
of grains from different sources that were not homogenized 
by subsequent thermal processes. Spinel containing isotopi­
cally fractionated Mg was a precursor phase and was not 
completely melted during POI formation, thus retaining its 
original isotopic signature. A requirement of this model is 
incomplete melting of the precursor materi.aJ during POI for­
mation. An alternative model suggests that the inclusions 
fonned from a single homogeneous sauro: containing iso­
topically fractionated Mg. Partial isotopic reequilibration with 
an isotopically normal gas via sub-solidus gas-solid exchange 
gave rise to the observed heterogeneity. This model requires 
large differences in Mg diffusion rates between spinel and 
silicates. 

Model for POI Formation 

Although neither model can be excluded on the basis of 
the available data and several crucial measurements., such as 
the diffusion rate orMg in spinel, await completion, we believe 
there are several lines of evidence that strongly favor for­
mation ofPOIs by aggregation ofisotopica11y dissimilar ma­
terials followed by panial melting.. In this section \\Ie critically 
examine the essential characteristics of POls and presenr a 
model for their fonnation. 

The data show large Mg isotopic heterogeneity between 
major Mg~rich silicates and oxides in POls; spinel and host 
silicates show variations in F .... of up to 1000/amu on a spatial 
.scaJe of tens of microns. This isotopic heterogeneity on a 
microscopic scale is similar to observations of oxygen isotope 
hererogeneity in refractory incJusions (DAYTON et aJ .• J 977), 
where spinel and hOSt melilite exhibit strikingly different ox­
ygen isotopic compositions. Most CAls are generally assumed 
to have fonned from an 160-rich reservoir and to have ac­
quired their oxygen isotopic heterogeneity through gas-solid 
diffusive exchange with an 16O-depleted gas. In this model 
the isotopic heterogeneity arises from la~e differences in the 
rates of oxygen diffusion in spineJ and mejijite. We note that, 
although this model is widely accepted, recent experimental 
measurements of oxygen diffusion in spind and meliJite 
(YURIMOTO 01 aI., 1989; MCKEEG~N and RYERSON, 1990) 
require a reexamination of the critical assumptions. 

If POls originally fanned as homogeneous melts containing 
isotopically fractionated Mg., the observed variations in F .... 
require thaI Mg diffuse much faster in olivine and pyroxene 
than in spinel. Since the silicates in POls are much larger 
than spinels, the Mg self-diffusion coefficients in olivine and 
pyroxene must be -100 times larger than that in spinel to 
produce the observed isotopic heterogeneity. However, tile 
few available data indicate that Mg self-diffusion in spinel is 
very rapid, with 0 = 3.4 X 1O- lo cm2 /salI600DC (LINDNER 

and AKERSTROM, 1955), whereas that for forsterite is 2.14 
X 10 - 12 em'ls at 1600DC (fR£ER, 1981), contrary to the 
requirements of this model. If the Mg isotopic heterogeneity 
was due to partial isotopic reequilibration. we would expect 
to observe some correlation between the magnitude of iso­
topic exchange and the severity of alteration. However, no 
such co.rreIal.ion is observed in the POls. In contrast to CAIs, 
most POls, in fact. show remarkably little evidence of min­
eralogical alteration. Alteration of plagioclase to nepheline 
and sodalite or spinel to feldspathoid plus olivine, two com­
mon occurrences of secondary metamorphism, is rare in 
POls. We also observed no correlation between spinel chem­
istry and F ..... The more Fe-rich spinels do not, in general, 
have lower F..,.. , as might be e~pected if diffusive exchange 
with a nebular gas at lower temperature were pervasive. Thus. 
we conclude that it is unlikely that POls originated as ho­
mogeneous melts and obtained their isotopic hete:rogeneity 
as the result of diffusive gas-solid exchange. 

The fonnation of POls from an assemblage of chemically 
and isotopically heterogeneous materials requires that the 
inclusions were never completely melted. allowing the most 
refractory phase (e.g., spinel) to preserve its original isotopic 
signature.. Both our petrographic observations of natural POls 
and the results of our experimental phase equilibria studies 
of melts with compositions similar to the more Ca-AJ-rich 
POls are consistent with this essentiaJ requirement. Five of 
the seven isotopically heterogeneous POls ha~ spinel as the 
liquidus phase. Relict spinels included in a melt of this com~ 
position could, therefore, survive if the partial melt of the 
POI precursor were spinel-saturated, if the maximum tem­
perature to which the POI was heated was below the spinel 
liquidus, or jfthe heating event wert sufficiently brief to in­
hibit spinel dissolution and isotopic reeQuilibration between 
spinel and the melt. In a spineJ-oversaturated melt, corre­
sponding to group I POI, it is possible that spinel crystallized 
from the melt could coexist with isotopicaUy anomalous, relict 
spinel in the same POL Partial dissolution of some relict 
spinel may also occur during partiaJ melting. Spinel crystal~ 
lized from the melt would have a nearly nonnal Mg isotopic 
composition, while partially reacted, relict spinel may ex­
perience isotopic exchange with the melt and acquire an iso­
topic composition intennediate between those of the primary, 
relict spinel and the melt. The large range in F),4I' observed 
in several POls, is a reflection of the presence of these several 
generations of spinels. The remaining POI containing iso­
topically heterogeneous spinel, ADEL-I, belongs to petro­
graphic group 2, and spinel does not appear in the crystal­
lization sequence. The highly resorbed appearance of the rare 
spinel found in this inclusion provides independent evidence 
that spinel is a reJict phase. 

Phase equilibria prohibit the presence of relict pyroxenes 
in group I POls. The variation of F'M& among pyroxenes in 
two group I POls most plausibly can be attributed to the 
partial dissolution of relict spinel (with F .... > 0) and incor­
poration of some isotopically fractionated Mg in late-crys­
talliting pyroxene. This scenario leads to the prediction that 
measured values of F .... in pyroxene must lie between the 
maximum Fw.. of relict spinel and the average F .... of the 
silicate precursor. In this case pyroxenes with the Ilighest FMI 
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should be the latest to crystallize and should contain large 
enrichments in the REEs. 

The onc indusion containing plagioclase with isotopically 
fr.actionated Mg. PPX, is also a group 2 POI and contains 
almost no spinel. The large difference in FMa for plagioclase 
and olivine requires that either plagioclase is a relict phase 
or that olivine acquiccd its normal Mg isotopic composition 
by sub-solidus exchange with the nebular gas.. The data do 
Dot allow an unambiguous resolution of the alternatives. It 
is possible that the dissolution of very small amounts of relict 
spinel in plagioclase could cause this effect. Phase equilibria 
considerations permit the presence of relict plagioclase, but 
petrographic observations of plagioclase: laths iotergTOwn with 
olivine phenocrysts suggest that both phases crystallized from 
the melL The observation that olivine in aU of the POls con­
tains isotopically normal Mg. irrespective of the abundance 
of relict spinel with isotopically fractionated Mg. is oonsisteot 
with the isotopic exchange bypothesis. This model requires 
that the rate of Mg isotope exchange via gas.-solid diffusion 
is much faster in olivine than in the other silicates in POls 
or in spinel. Most POls also show very little petrographic 
evidence of extensive reaction with a nebular gas. 

Our preferred scenario for the origin of POls consists of 

-
c, :=JMol ..... 
N. 

MIXING 

o 

-- @ ---- ---
Flo. 12. Cartoon illustrating the proposed model for the formation 

of POI. Spinels from several reservoin containing distinctly different 
F .. were mixed with silicate components from another reservoir 
containing isotopically normal Mg (or with average FJ,4 "" O) and 
enriched in volatile species (e.g., Na, Cr) . The silicate material may 
have been isotopically heterogeneous on a microscopic scale. A brief 
heating episode melted the silicates but only paniaJly reacted spinel. 
The observed isotopic heterogeneity was created by rnpid cooling 
and crystallization which preserved some relict spinels y,.ith their 
original isotopic signature and created second generation spinels as 
separate crystals or as overgrowths on panially resorbed relicts. Some 
late-aystallizing SIlicates acqu ired isotopically fractionated Mg due 
to panial dissolution of spinel. 

the following events (illustrated in Fig. 12): (J) Fonnation 
of spinel containing isotopically fractionated Mg; spinel may 
contain isotopically fractionated Mg with EM, > 0 or EM,. 
< 0, or may contain normal Mg. Some silicates may also be 
presenL (2) Formation of a separate silicate precu~r ma­
t.eria.I representing a wide range of bulk compositions but 
containing significant Na and Cr, and low refractory side­
rophiles. Some of these silicates must be produced by 'iPS! 
solid fractionation during condensation! evaporation to pro­
duce Group II REE abundances (SHENG et al., 1990). The 
silicate precursor material may have contained components 
with isotopically fractionated Mg, but the average composi­
tion of most silicates was near F~ = O. The observation of 
plagioclase and pyroxene containing isotopically fractionated 
Mg in one POI attests to the presence of silicate precu~rs 
\Io1th EMI > O. (3) Mixing of spinel and separate silicate pre­
curror components. (4) A heating episode which melted the 
silicates but only partially reacted or melted spinel. The Fe­
rich olivine clusters embedded at the rims of many POls are 
believed to be materials accreted from another source during 
the final solidification of the POls. (5) Relatively rapid cooling 
and little subsequent alteration to preserve isotopic hetero­
geneity. In some cases mesostasis is preserved as a quench 
product of the melting event. This model underscores a major 
diffe~nce in the way in which POls and CAIs obtained their 
respective Mg and oxygen isotopic heterogeneity. The Mg 
isotopic heterogeneity of POls reflects the inherited Mg is0-
topic variability o f relict spinel, whereas the 0 isotopic het­
erogeneity in CAIs is most plausibly produced during post­

crystallization exchange between silicates and the nebular gas. 
The similarities in major element composition and in the 

extent of Mg isotopic heterogeneity between tbe POls and 
fine-grained Ca-. AJ-rich inclusions suggests that the POI pre­
cu~r material may be related 10 fine-grained inclusions. The 
observation of a Group II REE pattern in one POI, BG82CLII 
(SHENG et al., 1990), also provides support for this argument. 
However, this POI contains spinel with large positive Fw" , 
whereas most fine-grained inclusions are enriched in the 
lighter Mg isotopes. In fact, all but two of the fractionated 
POls are enriched in the heavier Mg isotopes. This behavior 
shows that even though POls and fine-grained CAls share 
many common chemical characteristics, there still exist es­
sential differences inhibiting a simple and direct re1ationship. 

CONCLUSIONS 

We have described POls as a group of objects that possess 
d istinct chemica1, mineralogkal, and textural characteristics. 
Our observations show that although POls have been partially 
melted, some of them contain relict spinel that preserves an 
earlier isotopic identity. The spinel-bearing precursor material 
originated from reservoirs containing isotopically fractionated 
Mg. The isotopically fractionated material was later mixed 
with silicates whose average isotopic composition was ap­
proximately normal and was then heated such that the sili­
cates melted but some spinel survived, generating the igneous 
texture yet preserving some relict spinels and creating the 
Mg isotopic heterogeneity. The observation of Mg isotopic 
heterogeneity in POls has apparent similarities with the ob­
servations of oxygen isotope heterogeneity in CAls. In both 
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classes of inclusions, spinel is the major host of the isotopic 
anomaly, whereas silicate pbases have a more nearly normal 
isotopic composition. However, the two classes of inclusions 
are clearly distinguished by major differences in the nature 
of the precur.;or components and by the processes by which 
the isotopic heterogeneity was established and preserved. 

The formation of POls suggests a broader connection and 
wider affinity with CAIs and cbondruJes. The formation of 
POls requires multiple processes., including condensation, 
dust/gas fractionation, mixing and aggregation of chemically 
and isotopically heterogeneous materials, and paniaI melting. 
It appears that these materials reflect an ongoing and repeated 
sequence of mixing and partial melting, evaporation and re­
condensation, affecting the meta1 oxides. These processes are 
common to most CAls and many chondrules. We consider 
a starting material of different parcels of interstellar dust grains 
each baving slightly different isotopic compositions. These 
parcels were rapidJy heated by localized processes of unknown 
nature producing condensates that then reaggregated. This 
reprocessing took place in a similar fashion over an extended 
time scale of several million years. We consider CAls to be 
produced by relatively early melting of refractory condensates 
or evaporative residues produced by the above processes. The 
CAls were homogenized during melting, but exhibit char­
acteristic isotopic anomalies from sample to sample, reflecting 
their parent material. The POls are considered to be produced 
later, based on the 2.6Mg*/27A1 nltios, by mixing of some 
earlier-processed material, incorporating more MgO, SiOl , 
as well as less-refractory material enriched in Nal0, Crl03. 
and MnO. The degree of homogeneity of the final POls is 
mainly a reflection of their thennal history. The major dif­
ferences between Type B CAls and the POls reflect the typeS 

of material that were aggregated, the temperatures to which 
they were heated, and the timing of the last thermal meta­
morphic event. POls were heated to a lower temperature or 
cooled more rapidly than most CAls. presernngsome phases 
that retained their original isotopic identity. The melting oc­
curred after most 16AI had decayed. It is also possible that 
some CAls are, in fact, fonned (or rather, reformed) late. 
This could explain the absence ofuAI in some CAls as distinct 
from a model requiring that 16A1 be distnbuted very heter­
ogeneously in the solar nebula. We consider these processes 
(both for CAls and POls) to affect the dust and reprocessed, 
remelted dust after most of the nebular gases bave dissipated. 
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PLAGIOCLASE-OLIVINE INCLUSIONS IN ALL~NDE - A LINK BETWEEN CAl ANU 
FERRO-MAGNESIAN CHONDRULES. Y.J.Sheng, I.O.lrutcheon & G.J.Wasserburg. The 
Lunatic Asylum, Div. Geol. & Planet. Sci., Caltech, Pasadena, CA 91125. 

The unique isotopic and chemical properties of CAl provide important 
c lues regarding early solar system history •. However, the relationship between 
GAl and much more abundant ferromagnesian chondrules in ordinary chondrites is 
still not clear. · We identified a group of 1S Allende inclusions that differ 
from typical coarse-grained CAl in both mineralogy and chemistry and appear to 
be intermediate between CAl and ferromagnesian chondrules. These inclusions 
(POI) comprise mainly .E..lagioclase and olivine and range in composition from 
type C CAl to porphyritic olivine chondrules (Red Eye) [1]. POI contain 
several rare accessory phases. Sapphirine and zirconolite, which have not been 
reported in CAlor in meteorites, appear unique to POI, while armalcolite, 
common in lunar basalts but reported in only 1 CAl [2], is found in several 
POI. 4 POI contain armalcolite; S have enstatite instead of fassaite, 2 of 
which are associated with sapphirine. Mineralogically, POI are characterized 
by the absence of melilite, the abundance of olivine, a distinctive pyro~ene 
composition and more sodic plagioclase (AnSS-An9S)' POI do not contain Fremd­
linge, rarely contain metal and lack the Wark-Lovering rims characteristic of 
coarse-grained CAl. Most POI have a sulfide rim. POI are usually spherical and 
2 to S mm in diameter. They differ from type B CAl in their lower CaO (2-20%), 
and higher SiO Z (30-S07.) contents. In contrast to other anorthite-rich CAl, 
types B3 and C, POI cannot be related to any single compositional type, as 
they show a continuous variation in bulk chemistry from high Al to high Mg, 
projecting outside the An-Fo join in the gehlenite-anorthite-forsterite-spinel 
phase diagram (Fig. 1a) [3]. By taking into account the Na content of these 
inclusions (0.5-5% NaZO) and using a projection from spinel and nepheline onto 
the Ge-An90-Fo plane, with exceptIon of POI containing Fe-r.ich pyroxene or 
enstatite, POI plot along the An 90-Fo join (Fig. 1b). 
Sapphirine-bearing inclusions. POI 3510 and BGSZCLII have similar mineralogy 
but have different proportions of plagioclase, spinel, Al-enstatite, olivine 
and sapphirine. Sapphirine (MgZAl 4Si010 ) occurs as randomly oriented clusters 
of prismatic, euhedral crystals in a Na-rich 'glassy' matrix. Both POI have 
coarser-grained exteriors grading into a fine-grained core, implying rapid 
cooling following initial crystallization from the rim. Sapphirine appears in 
mutual contact with spinel or enstatite; the sharp contact g ives no indication 
of any reaction. The bulk compositions of the sapphirine-bearing POI and of 
the sapphirine regions within the POI show that if anorthit e a nd enstatite or 
olivine are fractionated from the residual melt, a liquid simila r to that from 
which sapphirine crystallizes is formed. The predicted order of crystalliza­
tion, Sp-An-Ol-En-Sap, agrees with our observations, strongly sugges ting that 
sapphirine is primary. The high Na content in the residual liquid may have 
expanded the sapphirine field and stabilized sapphirine at much lower 
temperature than suggested by the CHAS phase diagram [4]. 
Armalcolite-bearing inclusions. Armalcolite-bearing POI consist of plagio­
clase (-70%), olivine (-20%) with minor spinel and fassaite. Armalcolite 
[(Fe,Mg)Ti ZOS ] is found in association with rutile, perovskJ.t" and ilmenite. 
Zirconolite [(Ca,Y)ZrTi207]' a new phase in meteorites , was ide ntified in one 
POI. The pyroxenes in these POI are characterized by a Ti02/A1 Z03 ratio of -1. 
Sllch a high ratio is unique to pyroxenes in armalcolite-bearing rocks, includ­
ing lunar a nd terrestrial rocks , and contrasts sharply with the ~uch lower 
ratio in fassaites of typical CAl (Fig. Z). Armalcolite and pyroxene in POI 
appear interstitial to plagioclase and olivine. In contrast, petrographic and 



1076 LPSC XIX PLAGIOCLASE-OLIVINE INCLUSIONS 264 

Sheng, Y.J., Hutcheon, I.D. & Wasserburg, G.J. 

experimental studies of lunar basalts [5] indicate that armalcolite, followed 
by clinopyroxene, is the earliest phase to crystallize. A possible explana­
tion is that the bulk Ti/Al ratio in POI is much lower than that reported for 
lunar rocks. Anorthite crystallizing from the melt would deplete the residual 
melt in Al, thus increasing the Ti/Al ratio. The late-crystallizing pyroxene 
and associated Ti-rich oxides would then have a high Ti/Al ratio. Unlike lunar 
armalcolite, armalcolite in POI is not mantled by ilmenite, but armalcolite in 
1 POI shows fine lamella of rutile-ilmenite intergrowth, which we interpret as 
a breakdown of armalcolite. The stability of armalcolite is very sensitive to 
f02 [6,7]. At 1200°C, armalcolite is stable between f02 of 10-<3.5_10-10 • 5 and 
breaks down to ilmenite plus a reduced Hg-armalcolite at lower f0 2• Further 
studies of the stability of Mg-armalcolite are needed to investigate whether 
composition of armalcolite is an indicator of f0 2 during POI crystallization. 

The discovery of this distinct group of inclusions establishes an impor­
tant connection between CAl and ferromagnesian chondrules. POI are associated 
with CAl by their high Al content and abundant plagioclase; the more refrac­
tory POI merge with type C CAl. Contrary to Wark [8], POI do not have a 
sharply defined composition and grade into olivine chondrules at the low-Ca 
end. The existence of the diverse types of POI confuses the definition of 
"refractory" inclusion and suggests that chondrules and CAl formed by similar 
processes. Based on the bulk composition of POI, we can exclude the possibil­
ity of formation as (1) liquid or solid condensates from a solar gas, (2) 
evaporative residues, or (3) fractional crystallization of a type B CAl. The 
o rigin of the parent liquid of the POI remains problematical. However, the 
simi larity of the armalcolite-bearing POI to lunar basalts suggests that plan­
etary magmatic ~rocesses must be considered. The presence of small excesses of 
radiogenic 26Mg in two POI, USNM 3510 and Red Eye [1,9], gives added signifi­
cance to a planetary origin since the inferred abundance of 26Al is sufficient 
to cause melting and/or metamorphism on small planetary bodies. (0605) 
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The Lunatic Asylum, Division of Geolog,ical 
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Plagioclase Olivine Inclusions (POI) [1] are abundant in C3V carbonaceous 
chond~ites. l,e have studied 21 POI in the Allende (19), Leoville (1) and 
Adelaide (1) chondrites, contained in 18 thin sections. POI are characterized 
by an igneous texture, and a mineralogy composed of varying proportions of 
plagioclase (Pg) (5-60 vol.7.), olivine (01) (10-707.), pyroxene (Px) (5-257.) 
and spinel (Sp) (5-207.), that distinguishes POI from both from CAl and ordi­
nary chondrules. The bulk chemistry of POI spans a wide range of compositions, 
from Ca-Al-rich objects similar to Type C CAl [2] to more Mg-, Si-rich POI 
grading to CA and ferromagnesian chondrules [3,4]. POI contain significant 
Na20 (1-6%), 15-607. contributed by plagioclase (An85-95), but low FeO and 
resemble fine-grained CAl in bulk composition. Spinel occurs in 18 of 21 POI 
and phase equilibria studies show that 9 of these inclusions have Sp as the 
liquidus phase, while 7 others have 01 as the first phase followed by Sp or 
Px. In all but 2 POI, the observed phase assemblages are compatible with equi­
librium or fractional crystallization from melts of POI composition. In these 
2 POI, spinel is present but is not a liquidus phase. The similarity in bulk 
composition suggested a relationship between fine-grained CAl and POI and led 
us to initiate a study of Mg isotopes and REE abundances to examine the 
possibility that fine-grained CAl were a major precursor component of POI. 

The abundances of Mg isotopes and rare earth abundances (REE) were mea­
sured with the PANURGE ion probe [5]. Mass-dependent isotopic fractionation is 
expressed as FMg , the permil deviation of 25Mg/24Mg in POI minerals relative 
to the values in the respective standards. REE data were collected using an 
energy filtering technique [6]. Ca-normalized abundances for each phase are 
calculated relative to abundances in natural and synthetic standards. 

In contrast to most CAl and chondrules, POI are not isotopically homoge­
neous in Mg (Fig. 1). Within individual POI, FMg in spinel is not constant but 
varies by up to 8 % o/amu; 01 and Px, in contrast, have FMg=O. The observed 
range in FMg is -8 to +11 % o/amu but FM contrasts strongly with data from 
CAl, which show FMg<O in fine-grained CAY and FMg>O in coarse-grained CAl. 
Radiogenic 26Mg* is rare in POI. Plagioclase in 2 POI exhibits small enrich­
ments in 26Mg corresponding to 26Ng* /27Al of 2 and 6xl0-6, respectively. The 
REE data for 4 POI are shown in Fig. 2. Whole inclusion REE abundances were 
calculated using modal mineralogy and SIMS data on individual phases. Two POI 
have relatively flat (Group I) patterns with 2-10xCI levels of REE. Plagio­
clase (LREE-enriched and clinopyroxene exhibit complementary REE patterns 
consistent with equilibrium partitioning of REE during closed-system crystal­
lization. The positive Eu anomaly in 5ALLB6 and PPX may reflect an overesti­
mate of the modal abundance of Pg but the shape of the REE pattern is very 
similar to that found in Group I CAl (cf. [7]). The LREE-depleted pattern of 
818-B reflects the absence of Pg in the mode for this POI. Inclusion BG82CLII, 
in contrast, exhibits much higher LREE abundances (up to 70xCl) and an HREE­
depleted Group II REE pattern. In this POI, a Na- and Cl-rich mesostasis with 
abundant sapphirine, rather than ?X, is the major REE host. No correlation 
between major element chemistry, REE levels or Mg isotopic composition was 
observed for any POI. 

A major challenge posed by the data is to understand the preservation of 
large Mg isotope heterogeneities and, in at least one POI, the generation of a 
highly fractionated REE pattern in a class of objects whose textures would 
otherwise suggest crystallization from a homogeneous melt. The heterogeneous 
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distri.bution of FM for spinel in POI contrasts with a much more uniform dis­
tribution in coars~-grained CAl and suggests significant differences in · the 
nature of the precursor material and in the subsequent thermal history between 
POI and CAl. The observation of Mg isotope heterogeneity in POI has apparent 
similarities with the observation of oxygen isotope heterogeneity in CAl. In 
both classes of inclusions, spinel is the major host of the isotope anomaly, 
while silicate phases have a more nearly normal isotopic composition. However, 
the two classes of inclusions are clearly distinguished by major differences 
in the nature of the precursor components and in the process by which the 
isotopic heterogeneity was established and then preserved. 

The variation in FMg for spinel within individual POI requires that 
either (1) solid spinel was a precursor phase and was not completely melted 
during POI formation, thus retaining its original Mg isotope signature, or (2) 
POI crystallized from an isotopically homogeneous melt and acquired isotopic 
heterogeneity through post-crystallization gas - solid exchange reactions. Since 
(1) POI appear to have suffered much less low temperature, post-crystalliza­
tion alteration than most CAl and (2) phase equilibria data indicate that 
spinel is a relic phase in at least two POI, we favor the first scenario given 
above and suggest that the formation of POI included the following events. 
(1) Condensation of spinel containing isotopically fractionated Mg; spinel has 
both FMg>O and FMg<O but the two types remain unmixed. Some silicates might be 
present. (2) Formation of a silicate precursor material representing a wide 
range of bulk compositions but containing significant Na 0 and low refractory 
siderophiles. Some of the silicates must be produced by ~as/solid fraction­
ation during condensation/evaporation to produce Group II REE abundances. 
(3) Mixing of spinel and silicate precursor components followed by heating to 
melt silicates but not spinel. (4) Relatively rapid cooling and little subse­
quent alteration to preserve isotopic heterogeneity. This model underscores a 
major difference in the way in which POI and CAl obtained their isotopic 
heterogeneity. The isotopic heterogeneity of POI reflects the inherited Mg 
isotopic variability of spinel while isotopic heterogeneity in CAl is produced 
by post-crystallization exchange of silicates . (1/698) Ref.: [1) Sheng et 
aI., LPSC XIX (1988) 1075. [2) Wark D.A. (1987) GCA 51, 221. [3 ) McSween H.Y. 
(1977) GCA 41, 1843. [4) Bischoff A. and Keil K.(l984) GCA 48, 693. [5) 
Hutcheon et al. (1987) GCA 51, 3175. [6) Zinner and Crozaz (1986) IJMS 69, 17. 
[7) Boynton W.V. (1983) in Rare Earth Elementary Geochemistry, 63-114. 
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EXPERIMENTAL CONSTRAINTS ONTHEORIGIN OF PLAGIOCLASE-OLIVINE INCLUSIONS 

AND CA CHONDRULES ',2Y.!. Sheng, 'J.R. Beckett, "'1.0. Hutcheon, and '.2(;.!. Wassernurg. 'The Lunatic 
Asylum, 'Division of Geological and Planetary Sciences, Caltech, Pasadena, CA 91125. 

Plagioclase-Olivine Inclusions (POls) are a distinct group of objects in carbonaceous chondrites consisting 
of plagioclase (plag; An".,.), olivine (Fo.".,,), enstatite (En), clinopyroxene (Cpx), and spinel (Sp) in various 
proportions (1). CA chondrules (CACs) in ordinary [2,3) and enstatite (4) chondrites are similar to POls but Plag 
is rare to absent while glass or Ca-rich mesoslasis (Mes) is common. POls and CACs cover a wide range of hulk 
compositions intermediate between those of ferromagnesian chondrules (FMCs) and Ca-, Al-rich inclusions (CAls). 
Although there have been experimental efforts to characterize phase relations and dynamic crystallization behavior 
of CAls [5,6) and FMCs [7,8), intermediate compositions relevant to POls and CACs have not been studied 
systematically. We conducted equilibrium crystallization experiments on representative POI compositions at 1 atm 
total pressure in order to develop a framework to assist our interpretation of petrographic and isotopic data on POls 
and to investigate possible differences in crystallization sequences between POI and CAl melts. For many POls 
and CACs, concentrations of Na,O and FeO are sufficiently low so the system CaO-MgO-Al,o,-SiO, is an excellent 
approximation to their bulk compositions and we can use projections to describe the crystallization behavior. 

Homogeneous glasses corresponding in composition (Table 1) to representative POI were synthesized from 
oxide mixes. Experiments were conducted at constant temperature in air using techniques of [5] and run products 
were analyzed using optical microscope, SEM and electron probe techniques. Experimentally determined 
crystallization sequences are given in Table 1. Figs. 1-3 are multiply saturated liquidus phase diagrams constructed 
using data from this study and literature sources together with projected compositions of POls and CACs. In Fig.l, 
melt compositions are projected from MgAl,O, Sp onto a plane defined by the compositions of CaAl,Si,O, anorthite 
(An), Mg,SiO, forsterite (Fo), and tridymite (Tr). Liquid (L) compositions on the Sp-saturated surface are 
contoured in wt. % Sp above the An-Fo-Tr plane. Sp+ cordierite (Cd) is stable as indicated in Fig. I. However, 
in short runs « - 35 hrs) aluminous En often coexists with Sp. The key feature of this phase diagram is the 
thermal boundary represented by the Sp-Plag-Fo plane, the exact position of which for CACs and POls will depend 
on the Plag composition. During fractional crystallization, liquids on the Tr-poor side of this plane will evolve 
towards the Cpx + Sp + L field (shown in (5) and crystallize Cpx. Liquids on the Tr-rich side of the thermal divide 
will evolve toward the invariant point Sp + An + Fo + Cd + L. However, Sp is in a reaction relationship with the melt 
at this invariant point, along the Sp+An+Fo+L boundary curve and in the shaded region, so such liquids may 
leave the Sp saturation surface and crystallize En. This can be seen in Fig.2, a projection from Fo of olivine 
saturated melt compositions onto the plane defined by Sp-Tr-<liopside (Di). The plane Fo + Plag + Sp is a thermal 
boundary for compositions in the Sp + L field. Sp-saturated L on the Tr-poor side of this plane will crystallize Cpx, 
but in many cases won't crystallize Opx. Fig.3 is the projection of An-saturated melt compositions from An onto 
the plane Sp+Tr+Di. Fo and Pr are both in reaction with L at the invariant point An+Fo+ortho-enstatite 
(Oe)+proto-enstatite (pr)+L. 

Figs.I-3 provide a framework for the interpretation of mineral assemblages observed in many POls and 
CACs. Phase assemblages predicted on the basis of phase equilibria are generally consistent with those observed 
in the meteoritic inclusions. Inconsistencies are either associated with the unexpected presence of Sp or, for CACs, 
the absence of Plag ( + presence of glass or Mes). The latter may reflect faster cooling rates in CACs relative to 
POls and the well known difficulty of Plag nucleation (9). Sp in POls that appear anomalous based on phase 
relations also have anomalous Mg isotopes versus other phases and are often strongly resorbed[l). Hence these 
grains are relicts that pre-date the melting event. Isotopically anomalous Sp are also found in POls with Sp on the 
liquidus. Fig.4 shows liquidus temperatures (TuJ for these POls calculated using the model of (10) and ranges in 
Mg isotopic fractionation (FM,) in Sp of [1). Isotopic anomalies in Sp are common in POls but bulk inclusions are 
typically normal. Hence Sp that crystallized from or re-equilibrated with the melt will have FM, - bulk; anomalous 
Sp are earlier. Sp in POls with T Uq < 1500·C have FM, - bulk while for T Uq > 1500·C FM, is variable. There are 
no systematic variations in grain size with TUq so the maximum temperature of the melting event (T_) for POls 
was probably -1500·C. A T_= 1500·C is also consistent with the observation that IFM,I tends to increase with 
TUq. The proportion of Sp in a POI that crystallized from the melt below T_ with FM,-bulk decreases with 
increasing TUq. Hence the higher TUq is, the more relict Sp will be present in the final assemblage. From Mg self­
diffusion data in spinel (11) , POls were melted at ;;" 1500·C for less than an hour. Otherwise, all of the isotopically 
anomalous Sp would have completely reequilibrated. 
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Mg SELF-DIFFUSION IN SPINEL: CONSfllAJNTS ON THE THERMAL msrORY OF 
I'LAGIOCLASE-OLIVINE JNCLUSIONS. Y.l. Sheng, G.l . Wasserburg, and I.D. Hutcheon. The Lunatic 
Asylum, Division of Geological and Planetary Sciences, Caltech, Pasadena, CA 91125 . 

A prominent feature of Plagioclase-Olivine Inclusions (POls), which distinguishes them from most coarse­
grained CAIs and chondJules, is the Mg isotope heterogeneity both between coexisting spinel and silicates and 
among spinels. Sheng eJ oJ. [1] characterized POls and proposed that the variation in Mg isotope fractionation 
among coexisting phases within POls is the result of incomplete melting of silicate-rich prec= containing relict 
spinel with isotopically fractionated Mg. The preservation of isotopic heterogeneity indicates that the thermal event 
which partially melted the precursor and produced an igneous texture either had too Iowa temperature or was too 
brief to allow complete Mg isotope homogenization. Differences in thermal history are proposed to be the major 
factor leading to differences in isotopic composition and textures between POls and CAIs. The temperature history 
required to homogenize Mg isotopes depends OIl the diffusion rate of Mg in spinels. In order to establish this 
critical rate we designed experiments to determine the self-diffusion coefficients of Mg in spinel at temperatures 
reflecting possible melting conditions of POls. 

We investigated Mg self-diffusionin MgAl,O, spinel (Sp) by an isotope tracer method. Experiments were 
made on single crystal gem quality Sp. Polished Sp wafen; were annealed for 24 hlII . at 1500·C. The diffusion 
couple consists of a piece of the annealed polished Sp wafer placed together with 15Mg.<Joped eaQ-MgQ-A1,O,-SiO, 
(CMAS) glass and held at the run temperature at 1 aim in air for different times. The wetting of the melt yielded 
• boundary of Sp to glass that was a sharp welded contact. The glass was produced by adding "'MgO to CMAS 
mixture and melted at 1550'C for 24 hoUlS. The glass was verified to be both chemically and isotopically 
homogeneous. Initial ratios of the starting glasses were "'MgP'Mg=1.2 to 1.6 and "'MgP'Mg -0.140. The glasses 
contained 13.6-14.7 wt. % MgO. The bulk compositions of starting glasses were chosen so that they are spinel­
saturated at the run temperature of a given experiment. Deviations from the saturation composition would be 
compensated by nucleation of Sp from the melt or dissolution of the Sp wafer. Since in our experiments, the 
starting glasses were chosen to be close to Sp-saturated compositions and that the Sp/melt volume ratio is relatively 
large (-1:5), slight deviations from Sp-salurated oondition in the melt will be compensated with negligible effects 
to the Sp-melt diffusion couple. Varialions in Mg isotopes in Sp and glass were measured with the P ANURGE ion 
microprobe using methods described by [2,3]. Analyses were made across a traven;e perpendicular to the diffusion 
interface. Diameter of the primary ion beam was approximately 3 p.m. The 2f1 error for measured "MgP'Mg ratios 
is ±3%. and "'MgP'Mg is ±2%' . 

The results are shown in Figs. 1 and 2. Fig.1 shows the variation of "'MgP'Mg across a traven;e in the 
Sp wafer from one experiment. The fitted curve is the calculated diffusion profile. The self-diffusion of Mg in 
Sp is modeled as diffusion in an infinite composite medium. The Sp-melt diffusion couple is in chemical 
equilibrium but with Mg isotopic exchange. The solution to the diffusion equations was taken to account for the 
complementary diffusion of "'Mg, "'Mg and "'Mg in both phases with the total concentration of Mg in each phase 
to be constant. This approach implies that the Sp-glass boundary has constant Mg isotopic composition. A diffusion 
coefficient (D) for each run is extracted by using. least square best fit to the measured data. The temperature 
dependence ofD for Mg self diffusion in Sp is obtained from the Arrbenius relation D=D" exp (-QIRT) (Fig.2). 
The activation energy (Q) and pre-exponential factor D" derived by • linear regression of the experimental diffusion 
data are, respectively, 356±26 kJ and 7.77±1.17 cm'/s. 

The results from this study indicate that Mg isotopic reequi1ibrium can be achieved in a relatively short time 
at melting temperatures of POls determined from the phase diagrams [4]. As suggested by [4], maximum melting 
temperature (T-l for POls is -1500·C. Assuming. spinel grain size (x) in POls of about 10 p.m (typically 
<Sp.m), the homoSenization time of Mg isotopes in • Sp-saturated silicate melt at temperatures above 1500'C , 
nsing the approximation:z:"-L>t, is < Ihr. For temperatures between 1500-1400'C the homogenization time (t) is 
14 hlII, and at 1400-1300'C t-4-20 hlII. Thus for the range of expected melting temperatures of POls, the Mg 
diffusion data provides limits on the maximum time the POI melt could have remained at a specific temperature. 
The dependence of cooling rate (r) with T_ for given x calculated nsing the relation x=D(T)tRT'/rQ [5] is shown 
inFig.3. The initial rates at T= 1500'C for x of 5,10, and 15 p.m are, respectively, 305, 76, and 34'CIhr (Fig.3). 
The nature of the heating process is thus required by our data to be short, such as flash heating or impact melting. 

These grain-size dependent bounds on cooling rates are comparable to or up to 10 X greater than those 
inferred from experimental and textural studies of synthetic systems [6,7] . It appean; that the igneous textures of 



270 
POI. are compatible with the cooling rates determined in this experiment, but much faster rates, which would 
preserve isotopic heterogeneity, are probably inconsistent with petrogtaphic observations. The cooling rates for 
POI. are mucb lower than radiative loss cooling rates of mm-size droplets, requiring formation of POls in a hot 
region of the nebula. For T_= 1420°C and rS:20°C, as suggested for some Type B CAls [7], our data suggests 
that Sp with xS:10 I'm would be isotopicallybomogenized in Mg. If CAl. initiaIlycontained Sp with fractionated 
Mg or other aimi1ar relict phases, they would be consequently reequilibrated at this slower cooling rate. The 
presence of Mg isotope heterogeneity in POls and the results of our diffusion experiments provide one of the most 
direct means of establishing a constraint on the thermal history of these inclusions. The presence or absence of Mg 
isotopic heterogeneity could be used as a measure of the T_ and cooling rate not only of POls but also of other 
types of refractory inclusions and chondrules if we assume that these objects bad sampled similar material. 
Acknowledgement. We thank D. Burnell for generously allowing 11K of his lab, M. lohnaon and T. LaTour<Ik for their kind 
.uppolt. 
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D. and Lovering 1. (1982) GCA 46,2651; [7] Stolper E. and PaqueI. (1986) GCA SO, 1785. 
Captions. Fig.1. Variation of "'MgP'Mg across a traverse in Sp from Sp-SJass interface. The fitted curve is the 
calculated diffusion profile. Fig.2. Anbenius plot showing the least square best fit of the experimental data. Fig.3 . 
Dependence of cooling rate (r) upon temperature (T) for Sp grain .izes of 5 , 10, and 15 I'm. 
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AN EXPERIMENTAL STUDY OF Mg SELF-DIFFUSION IN SPINEL. Y.l. Sheng, l.0. Hutcheon, 
and GJ. Wasserburg. The Lunatic Asylum, Div. of Geo!. and Planet. Sci., Caltech, Pasadena 91125. 

Mg isotope heterogeneity, both between coexisting spinel and silicates and among ·spinels, is a 
prominent feature of Plagioclase -Olivine Inclusions (POls) [1]. The preservation of isotopic heterogeneity 
and relict spinel (Sp) in inclusions with igneous textures indicates that the thermal event which partially 
melted the precursor material either had too Iowa temperature or was too brief to allow Mg isotope 
homogenization between Sp and the melt. Since the temperature history required to homogenize Mg 
isotopes depends on the diffusion rate of Mg in Sp, we designed experiments using an isotope tracer 
method to determine this critical rate [2]. The diffusion couple consists of a gem quality MgA1,O, Sp 
wafer and ""Mg-doped glass of POI composition. The bulk compositions of starting glasses were chosen 
from phase equilibria data [3] to be Sp-saturated at the run temperature of a given experiment. The 
presence of chemical equilibrium between glass and Sp for each run ensures that Mg diffuses only in 
response to the isotopic disequilibrium. Glasses were verified to be chemically and isotopically 
homogeneous and were then equilibrated at a temperature slightly below the spinel saturation temperature 
of the melt to ensure chemical equilibrium. Polished Sp wafers were pre-~eaIed for 24 hrs. at 1500·C. 
The polished surfaces of the Sp wafer and glass were placed together and held at temperatures between 
1260 and 1550·C for 20 to 0.5 hr. Mg isotope profiles in Sp and glass were measured with the 
PANURGE ion microprobe [4,5] across a traverse perpendicular to the diffusion interface. Measured 
"'MgP'Mg ratios were corrected for differences in isotopic fractionation between Sp and glass by 
normalizing to 26MgP'Mg=0.13955. The diffusion coefficients (0) were calculated from the measured 
isotope profiles using a model that includes the complimentary diffusion of "'Mg, "'Mg and 26Mg in both 
phases with the constraint that the Mg content of each phase is constant. Diffusion profiles measured in 
Sp and glass for the experimental run at 1553·C are shown in Fig. 1,2. The temperature dependence of 
D for Mg self diffusion in Sp is obtained from an Arrhenius relation. The activation energy and pre­
exponential factor are, respectively, 397 ±21 kJ and 199.4±1.2 cm'/s. This is somewhat different to the 
numbers previously reported [2] due to the inclusion of new data. For a maximum melting temperature 
for POls of -1500·C [3] these results show that a 10 p.m diameter Sp would equilibrate isotopically with 
a melt within 60 min. To preserve isotopic heterogeneity, the POls must have initially cooled faster than 
50 to 250·CIhr. References. [I] Sheng Y. et al. (1991) GCA 55, 581; [2] Sheng Y. et al. (1991) 
LPSC XXII, 1233; [3] Sheng Y. et al. (1991) LPSC XXII, 1231; [4] HunekeJ. et al. (1983) GCA 47, 
1635; (5] Hutcheon I. et al. (1987) GCA 51, 3175; CaPtions. Variation of "'Mgt}"; Mg across a 
traverse in glass (Fig. I) and Sp (Fig.2) for the experimental run at 1553 ·C. The fitted curve is the 
calculated diffusion profile. 
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