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Chapter 1

Introduction

The solar system originated from a cloud of gas and dust, the so called solar nebula, about 

4.6 billion years ago. Our present day understanding of the solar system is based mainly on 

studies of various constituent members of the solar system: the Sun, the planets and their 

satellites, meteorites and comets. Amongst all the constituent members, samples from our 

own planet are most easily accessible for scientific studies.

Samples from the three major reservoirs of the Earth, the landmass (continents), the 

oceans and the atmosphere have been extensively studied to understand their evolution 

over geological time scales. Geophysical techniques and laboratory based simulation ex­

periments have also helped us to decipher the internal structure of the Earth. However 

the records of events that took place during the very early epochs of Earth's history are 

difficult to obtain as the terrestrial samples have undergone extensive geological alteration 

and weathering that led to obliteration of the records of the earliest era. The oldest dated 

terrestrial sample has an age of about ~ 4.27Ga (Compston and Pidgeon 1986), much lower 

than the formation age of the Earth and the solar system. The situation is similar in the case 

of the lunar rocks which have been studied extensively following the successful Apollo 

and Luna missions. Most of the returned lunar samples from the Mare regions have ages 

between 3.3 to 3.9Ga, and only a few of the anorthositic highland rocks are older than 4.2Ga, 

but none of them closer to 4.6Ga. On the other hand, most of the meteorites have formation 

ages close to 4.6Ga ( Tilton 1988) and many of these have not been disturbed since their
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time of formation. The antiquity of meteorites gives them a position of prime importance 

in the investigation of the early evolutionary history of the solar system.

Meteorites are rock bodies that have mostly originated from the present day asteroid 

belt although some may be of cometary origin. Gravitational perturbations by Mars and 

Jupiter can disturb their orbits and this can lead to their capture by Earth or other planets 

(Wetherill and Chapman, 1988 and references therein). On the basis of their composition, 

meteorites have been classified broadly into three different types: stones, stony-iron and 

iron. The stones are like rocks on the surface of the earth made primarily of silicate minerals, 

irons are pieces of metal (essentially Fe-Ni alloys) and stony irons are a mix of both silicates 

and metals. Meteorites belonging to each type exhibit great diversity in their physical 

and chemical properties, and this leads to further classification of each type. On the basis 

of presence or absence of small (0.1-1 mm ) rounded objects, known as chondrules, 

the stones have been classified into two groups: chondrites and achondrites. As a group 

chondrites display a very important property which sets them apart from other classes of 

meteorites. Their bulk chemical composition, except for several highly volatile elements 

and Li, is similar to solar composition and this is particularly true of the carbonaceous 

chondrites (Sears and Dodd 1988). This bears testimony to the fact that these meteorites 

have preserved primitive signatures from the time of their formation and makes studies of 

chondritic meteorites and particularly that of carbonaceous chondrites extremely important 

for our understanding of the early evolution of the solar system.

A great deal of information about the earliest stages of evolution of the solar system 

comes from the study of a particular group of objects, the so called Ca-Al-rich refractory 

inclusions or CAIs, that are found only in carbonaceous chondrites belonging to CV, CO 

,and CM groups. The CAIs are composed of refractory oxides and silicates like hibonite 

(CaAluOg), pervoskite (CaTiOg), spinel (MgAhO,}), melilite (CaiAluSiOz - Ca2MgSi207), 

anorthite (CaAl^S^Og), fassaite (Ca(Mg, Ti, Al), (Al, SfoOg) and diopside (CaMgS^Og), 

and have high concentrations of refractory major and trace elements like Ca, Al, Mg, Ti, and 

Sc, V, refractory rare earth elements etc. The CAIs were first observed in the carbonaceous
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chondrite Allende (Marvin et al. 1970) which fell in 1969 and were subsequently identified 

in other carbonaceous chondrites. The present thesis exclusively deals with the study of 

early solar system processes based on isotopic studies of CAIs using the ion microprobe.

1.1 Ca-Al-Rich Inclusions (CAIs)

The CAIs are refractory objects with sizes ranging from submillimeter to a couple of cen­

timeters. Their chemical and mineralogical composition are in general accord with those 

expected for the first solids to form during the cooling of a hot nebular gas with average 

solar system composition (Grossman 1972). Many workers have reviewed the properties 

of CAIs found in different types of carbonaceous chondrites (Grossman 1980, McDougall 

and Goswami 1981, MacPherson et al. 1988), and a brief summary of these are presented 

here.

On the basis of the sizes of the constituent minerals, CAIs can be classified into two 

groups: fine-grained (typical grain size 1-20 pm) and coarse-grained (grain size upto 0.5 

mm). The coarse grained CAIs, found generally in CV and CO meteorites like Allende, 

Efremovka, Vigarano, Omans etc. range in size from < 1mm to ~ 2cm. The coarse-grained 

CAIs can be further classified on the basis of their petrographic and mineralogical compo­

sition (Grossman 1980, Wark and Lovering 1982, and Wark 1987). The generally accepted 

sub-types and their constituent phases are: type A (melilite + Spinel), type B (melilite + 

spinel + fassaite + anorthite), and type C (anorthite + melilite + spinel) (Table 1.1). The 

type B inclusions are further divided into B1 and B2, the former having an outer mantle 

consisting mostly of melilite while it is absent in the latter. CAIs can also be classified by 

their bulk chemical composition and REE patterns (Mason and Taylor 1982). An alterna­

tive scheme of classification of CAIs was also proposed by Kornacki and Fegley (1984). It 

has been observed that chemical classification and petrographic classification do not nec­

essarily correlate and there is significant overlapping of different petrographic types with 

different types based on chemical composition. However the petrographic classification is 

more commonly used to describe the CAIs and we shall follow this terminology here. In
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Table 1.1: Mineralogical Compositions of CAIs*

CV meteorites CM meteorites

Mineral Type A* Type B* Type C* Hibonite-Rich* Spinel-Rich*

Corundum ...
Hibonite ~ 5
Perovskite 1-3
Spinel 5-20 15-30 2-12
Melilite > 75 5-20 0-25
Fassaite - 35-60 18-34
Diopside ...
Anorthite - 5-25 45-60

Trace
5-85 0
1-10 1-20

10-80 60-90

0-5
2-5 2-5

*Grossman 1980, MacDougall and Goswami 1981 
*Wark 1987 ’Abundance is in percentage

addition, it is important to note that there are differences in the mineralogical composition 

of CAIs from different groups of carbonaceous chondrites; hibonite which is one of the 

most refractory phase is rarely seen in CAIs from CV or CO meteorites whereas they are 

more common in CM meteorites.

Petrographic, chemical and isotopic studies, as well as laboratory based simulation 

experiments, carried out over the last two decades, have revealed that CAIs are a complex 

and diverse group of objects that are some of the first solids to have formed in the solar 

system. Some of the CAIs could be direct nebular condensates while others must have 

undergone complex formation history with one or more episodes of evaporation, melting, 

and recrystallization. Some of them have also been subjected to late stage secondary 

alteration. A brief summary of isotopic studies of CAIs and important conclusions obtained 

from these studies are presented in the following section before describing the scope and 

the aim of the present work.

4



1.2 Isotopic Studies of CAIs

Isotopic studies of CAIs have been carried out using mass spectrometric techniques for more 

than a decade. The main emphasis in these studies was to look for possible deviations in the 

isotopic compositions of constituent elements of bulk CAIs and/or individual refractory 

phases in them from "solar system" values. Such devia tions, if present, allow us to decipher 

several important aspects related to the early evolution of the solar system that includes: 

the state of the solar nebula, the processes responsible for the formation of some of the first 

solar system solids (CAIs), time scales for the formation of CAIs etc. Presence of non-solar 

isotopic composition in CAIs, commonly termed as isotopic anomaly, can be due to one or 

more of the following reasons:

(i) mass dependent isotopic fractionation at the time of formation of CAIs resulting from 

the physical or chemical processes responsible for their formation,

(ii) presence of non-solar nucleosynthetic components from distinct stellar sources in the 

nebula in the region of CAI formation,

(iii) incorporation of radioactive nuclei into the CAI at the time of its formation and their 

subsequent in situ decay resulting in an anomalous concentration of the daughter 

nuclei,

(iv) enhancement of particular isotope caused by interaction of energetic particle (cosmic 

rays) with CAIs in interplanetary space.

Identification of the observed isotopic anomaly in CAIs with any one of the above causes 

can provide useful information to understand processes operating in the formative stages 

of the solar system. For example, identification of isotopic mass fractionation effects can 

help us to understand the processes leading to the formation of CAIs and the nature of 

their parent material, the second type of anomaly allow us to identify specific astrophysical 

sites that have contributed matter to the solar nebula and the radiogenic isotopic anomalies 

allow us to infer about times scales of early solar system processes.
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Isotopic analyses of major elements like Ca, Mg, 11,0 and Si in CAIs have been carried 

out using different types of mass spectrometers like thermal ionization mass spectrometer, 

gas source mass spectrometer and secondary ion mass spectrometer, The isotopic compo­

sition of the noble gases (e.g. neon, krypton and xenon) in CAIs have also been studied 

extensively. The progress made in the field of isotopic studies of CAIs has been reviewed 

in a series of articles (Clayton 1978; Podosek 1978; Lee 1979,1988; Begemann 1980; Wasser- 

burg et al 1980; Wasserburg and Papanastassiou 1982; Wasserburg 1985; Clayton et al. 1988; 

Thiemens 1988; Harper 1993). We briefly summarize some of the main results that emerged 

from studies of isotopic composition of the major elements.

1.2.1 Studies of Stable Isotope Anomalies

Oxygen and silicon isotopic studies have been carried out using gas source mass spec­

trometers primarily at the University of Chicago (Clayton et al. 1973, Clayton et al. 1993). 

Oxygen which consists of three isotopes 1sO (99.756%), 170 (0.039%) and ,sO (0.205%) is 

one of the major elements in the solar system. Studies of oxygen isotopes have revealed 

enormous variations in oxygen isotopic compositions of individual mineral phases in CAIs 

that cannot be explained by mass dependent fractionation process (Clayton 1973, Clayton 

et al. 1993 and references therein). This observation shattered the earlier belief of a well 

mixed isotopically homogeneous solar nebula. It was soon realized that CAIs are in general 

derived from an oxygen reservoir (dust) enriched in 1sO which later reequilibrated with 

gaseous reservoir depleted in 160. Initial data from Allende CAIs suggested an enrichment 

of ~ 5% in their 160/180 compared to the reference value of O (498.70337).

The observation of oxygen isotopic anomaly led to the search for isotopic anomalies 

in other elements. Silicon isotopic studies have shown that the coarse-grained CAIs are 

enriched in the heavy isotopes of Si (i.e. 29Si and 30Si) compared to 2sSi (Molini-Velsko 

1983, Clayton et al. 1985). This enrichment that ranges upto ~ 5%#/amu, relative to the 

solar value can be explained by normal mass dependent fractionation, and unlike oxygen, 

the silicon isotopic composition is similar in all the mineral phases. This observation can be



explained by postulating that source material of the coarse-grained CAIs are evaporative 

residues that are preferentially depleted in the lighter isotopes.

Studies of isotopic composition of elements in the iron group, e.g. Ca, H and Cr, have 

shown that their is a general enrichment in the neutron rich isotopes (e.g. 48 Ca, 50Tiand 

54 Cr). The most prominent signatures (isotopic anomalies of large magnitude) of Ca and H 

isotopic anomalies are mainly seen in hibonite. The CAIs from CV meteorites have hibonite 

only as a minor phase and in general these CAIs do not show large anomalies in H or Ca. 

In contrast hibonite from CM meteorites show large isotopic anomalies in both Ca and H ( 

Zinneretal. 1986b, Fahey etal. 1987a, Hinton etal. 1987, Ireland 1988,1990). The studies of 

Ca and H isotopic anomalies in CAIs also brought into fore the advantages of secondary ion 

mass spectrometer or the ion microprobe over thermal ionization mass spectrometer (TIMS) 

in analyzing individual microphases within the CAIs. Although the data for CAIs obtained 

by TIMS suggested the isotopic anomalies in 4SCa and 50Ti to be linearly correlated with 

a few exceptions 0ungck et al. 1984, Niederer and Papanastassiou 1984), the conclusive 

evidence in this regard came from the ion microprobe study of individual hibonite grains 

from CM meteorites (Zinner et al. 1986b). The enrichment in the neutron-rich isotopes of 

Ca, H and Cr and their qualitative correlation have led to the theoretical investigation of 

plausible astrophysical sites whose nucleosynthetic output may give rise to the observed 

features. At present these observations are best explained by considering contribution 

from neutron-rich nuclear statistical equilibrium process taking place in the expanding 

supernova envelope (Hartman et al. 1985). Interstellar grains are considered to be the 

most likely carriers of these isotopic anomalies to the solar nebula. However, no definite 

signatures of such grains were obtained during the study of the hibonites (Fahey et al. 1985, 

1987a).

1.2.2 Mg Isotopic Studies

Magnesium isotopic composition of CAIs has been studied most extensively as most of the 

initial thermal ionization and ion microprobe studies of CAIs concentrated on magnesium
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isotopic analysis. These studies were carried out mainly to identify intrinsic isotopic mass 

fractionation effect and the possible presence of excess 26Mg due to the decay of the short­

lived radioisotope 26At that could have been incorporated into the CAIs at the time of their 

formation.

The studies of magnesium isotopic composition in CAIs, particularly identification 

of intrinsic mass fractionation effect, have helped in elucidating the nature of precursor 

material and/or the processes leading to the formation of the CAIs. For example, most of 

the coarse-grained CAIs are characterized by enrichment in the heavy isotopes of magne­

sium suggesting their source material to be evaporative residues. On the otherhand, the 

fine-grained CAIs are generally enriched in the lighter isotopes indicating that they are 

comprised of refractory components that may have condensed from a gas depleted in the 

heavier isotopes (Esat and Taylor, 1984; Niederer and Papanastassiou, 1984; Clayton et al., 

1988 and references therein). Many of the inclusions however show complex petrographic 

and isotopic features and it is difficult to rule out multistage processes leading to their 

formation. Petrographic studies of the coarse-grained CAIs indicate that most of them are 

formed by crystallization from refractory melts of appropriate composition and some con­

straints on the initial temperature of such melts as well as their cooling rate were derived 

from mineralogical and laboratory simulation studies (Nagasawa et al., 1977;MacPherson 

and Grossman, 1981; Stolper, 1982; Wark and Lovering, 1982; MacPherson et al., 1984; 

Komacki and Fegley, 1984; Stolper and Paque, 1986). Occurrence of additional processes 

like evaporation/volatilization that could leave their imprint in both petrographic aind 

magnesium isotopic records found in CAIs have also been proposed (e.g., MacPherson et 

al., 1988). However, instances for sympathetic behaviour of petrographic and magnesium 

isotopic data are rare and data for only a couple of very special type of CAIs, the so called 

FUN inclusions, are suggestive of such a trend (Clayton et al, 1984; Davis et al., 1991).

Studies of Mg-Al isotopic systematics in CAIs from primitive meteorites and the 

observed excess in 2sMg in many CAIs have provided strong evidence for the presence 

of the now-extinct nuclide 26Al (meanlife ~ l.iMa) in the solar nebula at the time of CAI

8



formation (Lee et al. 1977, Wasserburg 1985). An extensive data set on magnesium isotopic 

composition have been obtained by ion microprobe studies of CAIs belonging to different 

petrographic types (A, B1 and B2) from CV and CO meteorites and hibonite grains from 

CM meteorites (Hutcheon, 1982; Huneke et al., 1983; Armstrong et al., 1984; Clayton et 

al., 1984; Hutcheon et al., 1986; Ireland et al., 1986; Fahey et al., 1987a,b; Brigham et al., 

1988; Hinton et al., 1988; Ireland, 1990; Davis et al, 1991; Podosek et al., 1991; see also 

reviews by Clayton et al., 1988; and MacPherson et al., 1988). The studies of the coarse­

grained CAIs, in particular, showed some specific trends between magnesium isotopic 

composition and petrographic type. For example, some type B1 CAIs are characterized 

by the presence of 26Mg excess due to the decay of 26Al, and yield (26At/27Al) at the 

time of formation of these inclusions (initial 26Al/27Al) clustering around the value of 

5 x 10“5, commonly referred to as the canonical value. The Mg-Al systematics in the type 

B2 CAIs, on the other hand, are often disturbed and are characterized by lower values for 

initial (26Al/27Al). This is suggestive of either a heterogeneous distribution of 26Al in the 

nebula or late disturbances in the magnesium isotopic systematics in these CAIs due to 

exchange/reequilibration of magnesium isotopes. Relatively few type A CAIs have been 

studied and the Mg-Al systematics in these inclusions also show disturbances except for a 

couple of cases (e.g., Fahey et al., 1987b). In addition, hibonite grains from CM meteorites 

like Murchison, that have large isotopic anomalies in Ca and Ti, either have very low initial 

(26Al/27Al) compared to the canonical value or are characterized by near absence of 26Al. 

Most of these variations were generally considered to represent an extremely heterogeneous 

distribution of26Alin the nebula. There are however alternative suggestions (e.g. Podosek 

et al. 1991) that these differences may be due to secondary processes affecting these objects. 

Thus the idea of an extremely heterogeneous distribution of 26Al in the solar nebula need 

not necessarily be correct.
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1.3 Extinct Radionuclides as "Chronometers" of Early Solar Sys­
tem Processes

Isotopic studies of Mg, Cr, Ni, Ag and Xe in early solar system objects have established 

the presence of several short-lived now-extinct radionuclides with meanlife > IMa in the 

early solar system (Wasserburg 1985, Cameron 1993). The presence of such short-lived 

radionuclides manifests itself through an excess in the daughter isotopes (e.g., 26Mg in the 

case of26At). Although a fossil origin for these excesses have also been suggested (Clayton 

1977,1982,1986), there are good reasons (particularly the correlation of excess in daughter 

nuclide with the abundance of the parent element in the analyzed phases) to believe that 

these extinct nuclides were present in the early solar system and were incorporated 'live' 

into these early solar system objects.

In general, if the meanlife of a radionuclide is < 35Ma then such nuclides will be 

extinct today. The primary criteria to demonstrate the presence of extinct radionuclides 

at the time of formation of early solar system objects like CAIs are: (i) to establish the 

presence of an excess in the daughter nuclide concentration, and (ii) show that this excess 

is well correlated with abundances of parent element in the object. The second observation 

suggests in situ decay of the now-extinct nuclide within the object.

Evidence for the presence of extinct radionuclides in the early solar system can give us 

valuable information about the time interval 'A' between the input of freshly synthesized 

matter to the solar nebula and the formation of some of the first solar system solids (e.g. 

CAIs). Obviously, the presence of the radionuclide with shortest mean life will provide 

the most stringent constraint on A. At present, 26Al with a meanlife of ~ l.lMa is the 

shortest lived radionuclide whose presence in the early solar system has been conclusively 

established. Search for extinct nuclides with even shorter meanlife like 36Cl,41 Ca and "Tc 

have not yielded conclusive results (Gobel et al. 1982; Ym et al. 1992), although the data 

of Hutcheon et al. (1984) provided a hint for the possible presence of excess 41K due to 

41 Ca decay in Allende CAIs. In addition, if one can establish that the initial distribution
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of any one of the extinct nuclides was homogeneous in the nebula, it can also be used as 

a relative chronometer for studying the evolution of objects that formed at different times 

during the early history of the solar system. In the following, we describe the aim and scope 

of the present work keeping in view the above background information already available 

in the area of isotopic studies of CAIs directed towards understanding early solar system 

processes.

1.4 Aim and Scope of this work

A majority of the earlier isotopic studies of CAIs were restricted to samples from the Allende 

carbonaceous chondrite in which the CAIs were first identified. Only a few CAIs from the 

other carbonaceous chondrites belonging to CV or CO group have been studied in some 

detail (Clayton et al, 1986; Davis and Hinton, 1986; Hutcheon et al., 1986; Fahey et al., 1986, 

1987b; Caillet et al., 1991). It is well known that most of the Allende CAIs show distinct 

signs of secondary alteration and present difficulties for an unambiguous interpretation of 

their isotopic records (e.g., Hutcheon, 1982; Podosek et al., 1991). Inclusions from some 

other meteorites (e.g., Omans, Vigarano and Leoville) are less altered, but they are also 

less abundant. The refractory inclusions in the Efremovka CV chondrite are however an 

exception in this regard; they show very little evidence for secondary alteration, they are 

generally large (mm to cm in size), and one can easily find all the different inclusion types. 

In fact, petrographic and trace element studies (Ulyanov et al., 1982,1988; Nazarov et al., 

1982,1984) suggest that the Efremovka CAIs are more pristine than the Allende inclusions. 

Thus, the Efremovka CAIs are expected to be better suited for isotopic studies to decipher 

early solar system processes than the Allende CAIs. However, no systematic isotopic study 

of Efremovka CAIs have been attempted to date.

In this work, isotopic studies of a set of Efremovka CAIs were carried out to determine 

their magnesium, calcium and potassium isotopic compositions using an ion microprobe. 

In addition a set of CAIs from the Grosnaja meteorite, which show distinct signatures of 

secondaiy alteration, were also studied for their Mg-Al isotopic systematics. The CAIs
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from Grosnaja were studied to look for possible effects of secondary alteration on isotopic 

systematics vis-a-vis the Efremovka CAIs that were almost free from secondary alteration. 

Inclusions from all the major petrographic types (A, Bl, B2, hibonite-rich and C) have been 

included in this study so that we can generalize upon our results.

As already noted there are several advantages of isotopic studies using the ion mi­

croprobe technique as compared to thermal ionization mass spectrometric method. Most 

importantly the ion microprobe offers the distinct advantage of in situ analyses of mi­

crophases with a spatial resolution of ~ 10pm. This allows us to carry out isotopic analyses 

of small mineral grains within the CAIs and also to correlate the isotopic data from different 

mineral phases within a CAL Additionally, it is also possible to carry out repeat analyses 

of the same phase to determine isotopic composition of different elements with relative 

ease. This helps us to discern possible relationship between isotopic anomalies in different 

elements.

Application of the ion microprobe technique for high resolution and high precision 

isotopic studies depends upon the capability of the instrument to resolve interferences at 

mass(es) of interest and the dynamical stability of the instrument during isotopic analy­

sis. Since the commercially available ion microprobes barely manage to reach the high 

resolutions and stability needed, it is very important to carry out detailed parametric in­

vestigations to establish the capability of individual instrument for precise isotopic studies. 

We have therefore performed extensive check-tests of our ion microprobe (Cameca Ims-4f) 

to ensure that conditions necessary for high resolution high precision isotopic studies are 

adequately met by it. The major goals of the present study and the work approach followed 

to achieve these are:

(i) to delineate the processes leading to the formation of CAIs and the nebular environ­

ment in which they have formed. Studies of magnesium isotopic mass fractionation 

were carried out on all the Efremovka CAIs towards this end. Special efforts were 

made to look for possible correlation between Mg isotopic mass fractionation and
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petrographic features with a view to improve our understanding of CAI forming pro­

cesses. In addition we also searched for possible presence of isotopic disequilibrium 

between coexisting mineral phases within individual CAIs that may lead to indentifi- 

cation of "relict" grains. Presence of such grains can provide us with important clues 

towards understanding the thermal evolutionary history of the CAI and constrain the 

nebular environment compatible with the inferred thermal history,

(ii) to look for possible presence of excess 26Mg due to the in-situ decay of the short-lived 

now-extinct radionuclide 26Al in the CAIs. Studies of Mg-Al isotopic systematics 

were carried out on all the Efremovka and Grosnaja CAIs to achieve this objective. 

Possible relationship between disturbance in Mg-Al isotopic systematics and sec­

ondary alteration of the CAIs and its effect on the inferred distribution of 26Al in the 

solar nebula was also investigated.

(iii) to look for the possible presence of 41 Cq, that has a much smaller meanlife (~ 0.15Ma) 

than 26Al, in the early solar system. Studies of potassium and calcium isotopic 

composition in Efremovka CAIs having 26M.g excess were carried out to look for 41K 

excess due to in situ decay of 41 Co. Mineral phases with high Ca/K ratios (pyroxene 

and perovskite) were chosen for these studies. As already noted the presence of 41 Ca 

can be used to provide a stringent constraint on the time interval between the last 

injection of nucleosynthetic matter to the solar nebula and the formation of the CAIs.

In the next chapter (Chapter 2) we describe the experimental techniques used for isotopic 

analysis by the ion microprobe. This chapter contains a brief description of the working 

principles of the Cameca Ims-4f' ion microprobe followed by the results obtained from 

different check tests conducted to test its suitability for high resolution high precision 

isotopic studies. A brief description of the samples analyzed in this study is given in Chapter 

3. The results obtained from magnesium, aluminium, potassium and calcium isotopic 

studies of Efremovka and Grosnaja CAIs are presented in Chapter 4. The implications of 

these results in conjunction with other known properties of the analyzed CAIs are discussed 

in Chapter 5. We summarize the results obtained from this study and discuss the scope for 

future work in Chapter 6.
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Chapter 2

Experimental Techniques

This chapter describes the experimental procedures followed for studies of isotopic compo­

sition of solids using the secondary ion mass spectrometer or the ion microprobe. A brief 

description of the working principle of the Cameca Ims-4f ion microprobe used in this work 

is provided along with results obtained from parametric studies that confirm the suitability 

of the ion microprobe for high precision, high mass resolution isotopic studies. Basic prin­

ciples used in data synthesis are discussed and results obtained from isotopic analyses of 

terrestrial standards and isotopically doped silicate glasses are also presented to illustrate 

the precision and reproducibility that may be obtained with our ion microprobe.

2.1 The Cameca Ims-4f Ion Microprobe

The Cameca Ims-4f ion microprobe is a double focussing mass spectrometer which also has 

the unique capability of ion imaging. It uses energetic (keV) primary ion beam to bombard 

the sample surface and generate secondary ions. The secondary ions are energized, energy 

filtered and mass analyzed and are detected using suitable ion counting system. A general 

schematic of the ion microprobe is shown in Fig. 2.1. The principles of secondary ion mass 

spectrometry have been reviewed by Benninghoven et al. (1987) and the details of optical 

design of the Cameca Ims-3f ion microprobe have been presented by Lapareur (1980).
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Figure 2.1: A schematic of the ion microprobe (Cameca Ims-4f). The important sub-systems 
are labelled and ideal traces of both primary and secondary ion optics are shown.
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2.1.1 Primary Ion Column

The primary ion column consists of the primary beam source and is followed by a flight 

tube which consists of a set of lenses and apertures which can be used to control the size 

and strength of primary beam impinging on the sample surface (Fig. 2.2). There are two 

primary ion beam sources, a Duoplasmatron (DP) and a thermal ionization source (TI).

The Duoplasmatron can be used to generate both positive and negative ions of a 

variety of atomic and molecular species (e.g. O, Ar, Xe); we use oxygen to produce 160“ 

and 0| beam. Ions are produced in a cold hollow Ni cathode by arc-discharge. Energetic 

positive or negative primary ions are extracted by floating the source at a higher/lower 

potential with respect to the grounded extraction lens.

A conical lens (CL) is used to focus the primary ions extracted from the source. A set 

of deflectors (D2) is used to align the beam along the central path of the magnetic prism. 

The magnetic prism, known as the primary beam mass filter (PBMF), is used to deflect the 

primary ions into the flight tube. It also helps to clean the primary beam of impurities (e.g. 

H2O, N2, and NO in the case of Duoplasmatron).

A set of electrostatic lenses and apertures placed after the magnetic prism are used 

to focus the beam onto the sample surface. An electrostatic lens (L2), after the primary 

magnet focusses the beam at the position of the mass selection aperture (MSA). Deflector 

plates (Dl) beyond this aperture align the primary beam along the principle axis of lens 

LI which follows lens L2. The lens LI is used to change the diameter of the beam at the 

position of primary beam aperture (PBA) thus allowing one to adjust the primary beam 

current on the sample surface. A set of stigmators (SI) and beam position deflectors (BPD) 

are placed immediately after the primary beam aperture. The beam position deflector is 

used to position the beam on the sample surface or to divert it into the Faraday cup (FC) 

to measure the primary current. The stigmators are in general used to produce a circular 

beam spot on the sample surface. Finally the lens L3 is used to focus the beam on the 

sample surface.
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Cameca Ims-4f
Primary Ion Optical System

...—..... ...iw L2

--------  -------- MSA

I I u>.
•--------------► Ll

-------- -------- PUA

I Is*

J j BPD

0 rc

«.......  » L3

DP: Duoplasmatron 
TI: Cs ion source 
CL: Conical Lens 
D2: Deflector
PBMF: Primary beam mass filter 
L2: Electrostatic Lens 
MSA: Mass Selection Aperture 
Dl: Deflector 
Ll: Electrostatic Lens 
PBA: Primary Beam Aperture 
SI: Stigmator
BPD: Beam Position Deflector 
FC: Faraday Cup 
L3: Electrostatic Lens 
SA: Sample

Figure 2.2: Schematic of the primary column of the ion microprobe. The important subsys­
tems are labelled.
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The choice of the primary beam and its polarity is made depending upon the elements 

to be analyzed. A combination of 160~ beam from the Duoplasmatron and positive sec­

ondary ions is used for analyzing elements like Mg, Al, K, Ca, lx etc., while the combination 

of a Cs* beam from the thermal ionization source and negative secondary ions is used for 

analyzing electronegative elements like O, C, N, S etc.

In this study, isotopic analyses were carried out with a 17 keV 160“ focussed primary 

ion beam, with current in the nanoampere range. The corresponding size of the beam 

spot is generally < lOjrm, that allowed the analysis of microphases. Studies of negative 

secondaries from insulating samples using Cs+ beam is made difficult by the problem of
l

sample charging and no attempt was made to study isotopic composition of elements (e.g. 

O) where this mode of operation is necessary. However, this problem can be overcome, in 

principle, by flooding the sample surface with low energy electron cloud (Slodzian et al. 

1987).

2.1.2 Secondary Ion Column

The secondary ion column consists of the sample chamber, the transfer optics, the electro­

static and magnetic sectors, and a set of slits and apertures through which the secondary 

ions are transported and mass resolved. The mass resolved ions are detected using either 

a Faraday cup or pulse counting system. A schematic of the secondary ion optics is shown 

in Fig. 2.3.

The sample is kept at a potential of ±4.5keV with respect to the grounded extraction 

plate (GP), the polarity depending on whether positive or negative secondary ions are 

chosen for analysis. The secondary ions are accelerated towards the grounded extraction 

plate that is placed 4.5mm away from the sample surface. The extraction plate that has a 

circular hole, also acts as the immersion lens of the transfer optics system which collimates 

the secondary ion beam towards the entrance slit of the mass spectrometer.

The immersion lens produces virtual images of the sample surface and the crossover

18



Figure 2.3: A schematic of the secondary ion column of the ion microprobe; the important 
subsystems are labelled.
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Ideal Trace of Secondary Ions

Figure£4rfcleal traces of the secondary ionsTrom the sample surface are shown to illustrate 
the virtual image of the crossover or the illumination pupil.

(the illumination pupil) (Fig. 2.4). The size of the crossover is dependent on the lateral 

energy distribution of the secondary ions. A deflector (Dl) placed after the immersion lens 

allows one to adjust the beam position with respect to the optic axis. The three lenses (TL1, 

TL2 and TL3) that follow the deflector are used to produce real image of the sample surface 

and the crossover in the plane of field aperture (FA) and contrast aperture (CA) respectively. 

These apertures are used to restrict the size of the crossover and the field of view as seen 

by the rest of the mass spectrometer. The ion microprobe transfer optics system can be 

used to provide preset imaged fields of 25pm, 150pm and 200pm. The 150pm imaged field 

is generally used for high mass resolution isotopic analyses [mass resolving power (MRP) 

(M/ AM): 3000-10000]. Use of suitable field aperture allows one to restrict the sampling of 

ions from as small an area as 10pm of the sample surface.
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The contrast aperture is used to restrict the size of the crossover thereby allowing only 

those ions with lateral energy below a certain value to enter the electrostatic analyzer (ESA). 

This not only reduces spherical aberrations but also improves the spatial resolution of the 

image. Additionally, the entrance slit (ESI) to the mass spectrometer system is also placed 

nearly coincident with the contrast aperture. The field aperture placed after the contrast 

aperture is coincident with the focal plane of the ESA and is used to restrict the transmission 

of ions only from a selected area.

The secondary ions sputtered from the sample surface have an energy spread of about 

130eV. If all these ions are allowed to pass through the magnet they would be dispersed 

both in energy and mass. In order to avoid the chromatic aberration due to such an energy 

spread a double focussing system is used. It consists of a combination of an ESA which 

disperses ions in energy and a magnetic sector (MS) which disperses them in mass. Ions 

emanating from a single point with same mass but different energies are dispersed in energy 

by the ESA and are brought back to the same focus by the magnetic sector. The ESA consists 

of two concentric electrodes which are held at fixed potentials such that ions with energy 

~ 4.5keV are transmitted along the principal axis while other ions are dispersed on either 

side depending on their energies. This produces an image of the crossover along the radial 

direction of the ESA. The energy slit (ES2) placed after the ESA allows ions of only certain 

energy bandwidth to reach the magnetic sector. These ions are then mass analyzed in the 

magnetic sector which has a radius of curvature of 12.5cm. The exit slit (ES3), placed after 

the magnet, allows mass(es) of interest to enter the detection system. One of the important 

criteria for isotopic analysis is symmetric peak shape and this is achieved by using the 

deflector (D2) and stigmator (SI) which allow one to make the entrance slit image parallel 

to the exit slit. The entrance and exit slits can be suitably adjusted to achieve the desired 

mass resolution.

There are several options at the detection end. Since the instrument can transport 

image, one can use the projector lens system (PLS) to produce image of the sample surface 

or the image of the crossover on the flourescent screen (FS) which is coupled to the channel
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plate (CP). This allows us to use this instrument as an ion microscope. However this 

arrangement is generally used by us only to tune the instrument for isotopic analysis. 

The electrostatic deflector (EP) placed after the projector lens deflects the ions to the ion

counting system where one has the choice of either using the Faraday cup (FC) or the
!

electron multiplier (EM).

An electron multiplier (Balzer SEV217) is used for all isotopic analysis in this study. It 

consists of 17stages and a potential of ~ 2750V is applied across it when it is fresh (however 

this potential needs to be increased as the electron multiplier ages with time). The most 

important parameters of the electron multiplier that need routine checking are the efficiency 

and the dead time. However, instead of measuring the dead time of the electron multiplier, 

we opt to obtain the effective dead time of the total counting system (EM, preamplifier, 

discriminator and counting electronics) by measuring isotopic ratios in standard samples; 

this is described in a later section in this chapter.

2.2 High Mass Resolution Isotopic Analysis

The basic approach used for high precision, high mass resolution isotopic analysis using 

the ion microprobe has been discussed by many workers (Hutcheon 1982, Huneke et al. 

1983, McKeegan et al. 1985, Ireland 1985 and Fahey et al. 1987a). The primary criteria to 

be satisfied for such an analysis are:

(i) resolution of isobaric, hydride, oxide and other molecular interferences at the mass(es) 

of interest,

(ii) dynamic stability of the magnet, and other instrument parameters during analysis,

(iii) suitable dead time (< 30nsec) of the counting system that is stable over a period of a 

few weeks or more,

(iv) proper sample preparation to avoid charging of the sample surface,
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(v) a stable primary ion beam to minimize secular variation in secondary ion intensity.

2.2.1 Interferences and Corrections

The secondary ions that are generated from the sample surface consist of both atomic and 

molecular species (primarily hydrides, oxides, dimers and trimers) which may be singly 

or multiply charged. In addition, neutral species and electrons are also emitted from the 

sample surface. Any one of the charged species with a mass to charge ratio similar to the 

mass(es) of interest can act as an interfering species.

In general, hydride and oxide interferences in the low mass region (A < 60) can be 

resolved with a mass resolving power (M/AM) of few thousand (where AM is the width 

of the peak at 10% of the peak count rate at mass M). However, separation of true isobaric 

interference (e.g. 4STiand 48Ca) require a much higher mass resolution of ~ 10,000. We 

have been able to resolve interference that require mass resolving power of upto 10,000 quite 

routinely with our ion microprobe. Several cases of resolved interferences, accomplished 

at high mass resolution with peak shapes having excellent flat tops and steep shoulders, 

are shown in Fig. 2.5.

In certain cases it is not possible to resolve the isobaric interferences (e.g. 46Ca and 46Ti; 

50Tiand 50V; 40K and 40Ca etc.) and one has to indirectly correct such interferences. Addi­

tionally, when the mass of interest has a very low count rate compared to its neighbouring 

mass one has to correct for interference from the tail of the neighbouring peak, known 

as the tail correction and also take into account possible contribution from the dynamic 

background of the counting system. It is therefore necessary to consider all these aspects 

for each isotopic system carefully to resolve and/or correct for possible interference^).

2.2.2 Dynamic Stability of the Instrument

Isotopic analysis using the ion microprobe is generally done in the flat-top peak-jumping 

mode. In this mode, the magnetic field values for the masses of interest are preset and the
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Figure 2.5: High mass resolution spectra at masses 25 (magnesium), 48 (calcium and 
titanium), 29 (silicon) and 17 (oxygen) showing well resolved hydride and true isobaric 
interferences. The mass resolving power (MRP = M/AM) and sample analyzed in each 
case are also indicated. Oxygen isotopic analysis was carried out using the Cs+ primary ion 
beam in the negative secondary mode while the rest were analyzed as positive secondary 
ions with ,60- primary ion beam.
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magnet is cycled through these masses with appropriate counting time for each mass. Five 

to eight such cycles constitute a block of data and each analysis typica lly .comprises of data 

from 20 to 30 blocks. The magnetic field control of the Cameca Ims-4f has 2.6 x 105 fields 

bits that can be used for any one of the preselected mass ranges (1-20, 1-80, 1-280 amu). 

At high mass resolution (M/AM > 5000), the flat top peak represents a small magnetic 

field interval AB, which is generally of the order of 10-15 field bits in the 1-80 mass range. 

Any instability in the instrument, especially in the magnet can alter the preset values for 

analyzed mass(es) beyond the flat top region leading to erroneous count rates. Therefore, 

several precautions have been taken to ensure a high degree of dynamic stability of the 

instrument; these include:

(0 extremely stable power supply for the ESA and other instrument sub-systems,

(it) optimum temperature (~ 18 ± 0.5°C) for the magnet and ESA environments,

(iii) use of pre-adjusted voltages for the ESA,-

(iv) a thick gold coating (~ 1000X) of the sample to avoid progressive sample charging,

(v) an extremely stable counting system.

Since all these factors have a combined effect on the instrument performance, the 

dynamic stability of the instrument is measured in terms of the effective stability of the 

magnetic field in the peak-jumping mode of operation. Two mass regions (24-27) and (46- 

50) were investigated at a mass resolution of ~ 5000 and count rates were measured at the 

peak centers of the chosen masses and at the left shoulder of the peaks where the count rate 

is approximately half that of the peak value. Since the count rate on the rising shoulder is 

extremely sensitive to changes in the effective magnetic field, the variation in the count rate 

at this position, relative to the peak center, provides an estimate of the fluctuation (AM/M) 

in the mass which in turn can be related to the fluctuation (AB/B) in the magnetic field. 

The value of AB/B provides a measure of the effective stability of the magnet (and hence 

the instrument) in the dynamic (peak-jumping) mode of operation.
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Figure 2.6: Count rates at the peak center (integer masses) and to the left of the peak center 
(non-integer masses) plotted as a function of time (see inset for approximate positions at 
which count rates are monitored). Two mass ranges: 24-26 (fig.a) and 46-50 (fig.b) are 
investigated in the dynamic (peak-jumping) mode of analysis. The values of AM/M and 
AB/B obtained from the maximum variation in count rate at the peak edge (marked by the 
vertical arrow) are shown in both the figures.
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The results of these experiments are shown in Fig. 2.6. The "effective" value of AM/M 

is ~ 2 x 10~5 which translates into an effective stability of the magnetic field of about ~ 

lOppm for duration ranging from 30-40 minutes. In terms of magnetic field bits, e.g. at mass 

24 this corresponds to about 3 field bits which is much less than the width of the fla t top peak 

(about 15 field bits). Although the dynamic stability of our instrument is extremely good, 

the magnetic field values for the analyzed masses are automatically recalibrated during 

actual analysis after each block of data acquisition which generally takes < 10 minutes. 

The shift in magnetic field during such recalibration is 1 to 2 field bits; this ensures that 

isotopic analyses do not suffer from temporal drift in the magnetic field and associated 

uncertainties.

2.2.3 Stability of the Counting System

The pulse counting system is used for all isotopic analyses carried out in this study. The 

stability of the counting system is extremely important for high precision measurement, 

and it is important to routinely monitor the efficiency, dead time and the background of 

the counting system. Tests are conducted to check the counting system comprising of the 

electron multiplier, preamplifier, discriminator and the counting electronics in an operative 

way by analyzing suitable terrestrial standards. The dead time is estimated by making 

measurements of isotopic composition of magnesium and titanium in terrestrial spinel and 

H-metal respectively at a mass resolution that can clearly resolve the hydride interference. 

The deviations in isotopic compositions from reference values are then attributed to the 

combined effect of isotopic mass fractionation and dead time of the counting system. Since 

the mass fractionation effect can be estimated by using appropriate fractionation law, one 

can determine the "effective" dead time of the counting system.

The results obtained from magnesium isotopic analysis in terrestrial spinel carried out 

in 1993 are shown in Fig. 2.7. The "effective" dead time of the counting system is (24±l)nsec 

for 24Mg count rates ranging from ~ 4X105 to 1.2X10s counts/sec(c/s). The dead time of the 

counting system generally remains stable over a time scale of several weeks and it is also a
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obtained from magnesium isotopic measurements in terrestrial spinel. Error bars are 2crm.
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function of the age of the electron multiplier. It may be noted that a similar exercise carried 

out in 1990 with a fresh electron multiplier gave a value of (19±l)nsec. During actual 

isotopic analysis the maximum count rate at any mass is generally kept below 2xl0s(c/s) 

so that uncertainty in isotopic ratios due to uncertainty in the dead time is much below the 

limit set by counting statistics which is typically l-2%0(2crm).

The background of the counting system is < 0.005(c/s) in the static mode (Fig. 2.8). 

In the dynamic (peak jumping) mode the background is monitored by obtaining count 

rates at a blank mass during isotopic analysis. The value obtained from several runs was 

< 0.01 (c/s). Since the typical count rates during isotopic analysis are generally higher than 

this value by more than several orders of magnitude, the counting system background can 

be neglected during data analysis. The efficiency of the electron multiplier is generally 

> 75% and it is replaced when this value reaches ~ 70%. The results obtained from the 

above parametric investigations of our ion microprobe show that it satisfies all the necessary 

conditions for carrying out high precision and high mass resolution isotopic analysis.

2.3 Isotopic Analysis of Terrestrial Standards

This section summarizes the results of measurements of isotopic composition of Mg, Ca and 

K in appropriate terrestrial standards. These analyses are a prerequisite for isotopic analysis 

of meteoritic phases, the primary aim of this work. Additionally, a set of isotopically doped 

anorthositic glasses were also analyzed to establish the precision and reproducibility that 

can be obtained during Mg isotopic analysis. These glasses have been used as internal 

standards by two other ion microprobe laboratories (Armstrong et al. 1982, McKeegan et 

al. 1985).

2.3.1 Mass Fractionation

The measured isotopic ratios of an element (e.g. Mg) in a standard can deviate from the 

reference isotopic ratios because of instrumental and intrinsic isotopic mass fractionation.
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The process of generation, transmission and detection of secondary ions in an ion micro­

probe lead to instrumental mass fractionation. In addition, the sample itself could have 

undergone a variety of physico-chemical processes during its formation which could have 

altered the isotopic composition and this is referred to as the intrinsic mass fractionation or 

sample mass fractionation.

During the generation of secondary ions by the sputtering process, the lighter isotopes 

are in general preferentially sputtered compared to the heavier isotopes. Initially, the flux 

of lighter isotopes is strongly enriched, which decreases with time and finally a steady 

value is attained (Gnaser and Hutcheon 1987). The enrichment of lighter isotopes in 

secondary ions is strongly dependent on the sample matrix i.e. the nature of chemical 

bonding between the constituent atoms of the sample. Since all the ions have the same 

nominal energy of 4.5keV during transmission, the lighter isotopes with higher velocity are 

again fractionated preferentially compared to the heavier isotopes. During detection, by 

the electron multiplier, fractionation favours the lighter isotopes although the effect is very 

small, < l%o/amu (Zinner et al. 1986a). It is difficult to decouple the individual effects, 

and in general the total instrumental mass fractionation is estimated during analysis.

In case of terrestrial sample, the intrinsic fractionation is expected to be extremely 

small, and thus the measured fractionation in them can be attributed to instrumental 

mass fractionation. Further, the instrument mass fractionation for a given phase remains 

nearly the same as long as there are no changes in the ion microprobe tuning/operational 

conditions.

If we consider an element like Mg, which has three isotopes (24, 25 and 26), with 

reference isotopic ratios (normalized to 24Mg) of C^Mg/^Mg) = 0.12663and (26Mg/24Mg) 

= 0.13932 (Catanzaro et al. 1966); the deviations in the measured isotopic ratios from the 

reference values are generally expressed as:
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A^Mg =

f35tAg 
24 Mg

A26Mg =

f25 Mg\
V^MgJ
26Mg\ 
24Mg J

ref.

x 1000 %0

f26 Mg\
V^lref.

x 1000 %0 (2.1)

Since the total fractionation of any sample is a linear combination of instrumental 

and intrinsic mass fractionation, the intrinsic or sample mass fractionation of a meteoritic 

phase can be deduced by measuring isotopic mass fractionation of these phases and their 

terrestrial analogs under identical instrument operating conditions. If [A^Mglmet and 

[A^Mglstd represent the deviations for the meteoritic phase and its terrestrial analog, the 

intrinsic fractionation F(Mg) for the meteoritic phase is given as:

F(Mg) = [A^Mg]^ - [A^Mg]^ %e/amu (2.2)

In addition to intrinsic mass fractionation, the measured isotopic ratios in the meteoritic 

phases may differ from the reference values due to the presence of nuclear effect that can 

produce the isotope under consideration. Such an affect could be nucleogenic or radiogenic 

in origin and its presence can be ascertained when more than two isotopes of an element 

can be analyzed (e.g. Mg). One should however be able to choose at least two isotopes 

that are independent of the nuclear effect. The measured ratio of this pair of isotopes can 

be used to obtain the magnitude of isotopic mass fractionation. This will then allow one 

to infer the magnitude of fractionation effect for the other isotopes using suitable mass 

fractionation law. If any residual effect is present in the other isotopes, after due correction 

is made for the fractionation effect, it can be attributed to nuclear effect. The two relations 

generally used to describe isotopic mass fractionation are:
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i) Exponential law:

(2.3)

ii) Power law:

r& = R?n+*rij (2.4)

where Rm and R)’ are the measured and reference isotopic ra tios of the isotope i with respect 

to isotope j, Ml and M) are the masses of the two isotopes, a and p are the fractionation 

parameters which are to be determined, and my is equal to the difference in the masses of 

the two isotopes. When the degree of fractionation is small and mass difference my is also 

small, one can use a linear approximation to these laws and they can be replaced by the 

linear law:

In the case of magnesium the isotopes 24 and 25 are used as the reference pair (free from 

nuclear effect) and one can use the linear law to show that the fractionation corrected 

residual, if any, in 26Mg is given by:

A non-zero value of 826Mg can be attributed to the presence of nuclear effect. In the case 

of Ca or Ii isotopes where the isotopic masses spread over a large range (40-48), (46-50) 

one cannot resort to linear approximation and it is necessary to use the exponential law 

to correct for fractionation and to infer the presence of nuclear isotopic effect (Fahey et al.

Rm = Rrj [1 + «my] ■ (2.5)

(2.6)

1987a).
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2.3.2 Mg Isotopic Analysis

A set of terrestrial analogs of meteoritic phases were studied to determine instrumental 

isotopic mass fractionation (A25Mg) and 62SMg values. In terrestrial phases 626Mg is 

expected to be zero since no nuclear effects can be present in such samples.

The Mg isotopic analysis of the terrestrial standards were carried out at mass resolution 

(M/AM ~ 4000) which is sufficient to resolve the major interferences from 48Ca++, 48Ti++, 

N aR+ and MgH.+ at the masses of interest. The results of Mg isotopic analyses are shown 

in Table 2.1. The A25 Mg values for the different mineral phases represent the instrumental 

isotopic mass fractionation. The difference in these values for the various mineral phases 

is expected because of the differences in chemical bonding of Mg in them. Since extensive 

studies of Mg isotopic fractionation were planned on meteoritic phases it is important to 

establish that there is no significant temporal variation in instrument mass fractionation 

for magnesium isotopes (A25Mg) for a given phase under similar instrument tuning and 

operating conditions. We have measured A25Mg in terrestrial spinel (Burma Spinel) at 

different time intervals over a 24 hour period. The results obtained in the study are shown 

in Fig. 2.9. All the values cluster within l%e(2crj of the mean value of 11.7%* indicating 

excellent reproducibility of the magnitude of instrumental isotopic mass fractiona tion under 

a given instrument operating condition.

The 526Mg in the analyzed phases is indistinguishable from zero within the limit of our 

experiment uncertainties. The investigation of the possible presence of non-linear excess 

of 26Mg in meteorite phases also requires the measurement of their Al/Mg ratio. Since 

the secondaiy ion yield can be different for different elements and is also dependent on 

the chemical composition of the sample, the relative yield for different elements has to be 

determined by using appropriate terrestrial standards of known composition. For example 

sensitivity factor A for the Al-Mg system is defined as:

(2.7)
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Table 2.1: Mg Isotopic Data for Terrestrial Standards*

Sample Nt 27Al/24Mg
±2crm

A^Mg
±2cTm

S26Mg
±2o-m

Burma Spinel* 4 2.59 ±0.01 -11.62 ±0.59 -2.04 ±1.14
Spinel® 5 2.60 ±0.02 -12.41 ±0.66 -1.67 ±1.28
Melilite® 6 1.32 ±0.01 -7.81 ± 0.48 -0.60 ±0.88
Madagascar Hibonite* 4 30.8 ±1.50 -5.80 ±0.84 1.25 ±1.73
Lake County Plagioclase* 2 215.76± 8.10 -6.28 ±1.90 0.72 ±3.64

* A25Mg and 526Mg values are in permil 
^Number of repeat measurements 
®Vemadsky Institute, Moscow 
#H. Curien et al. (1956)
’National Mueseum of Natural History, Smithsonian Institution, Washington, D,C.

Table 2.2: Mg-AI Sensitivity Factors

Mineral A

/Melilite 1.04
Burma Spinel 1.40
Madagascar Hibonite 1.30
Lake County Plagioclase 1.24
Angra Dos ries Pyroxene 1.31

where EP and DP refer to electron probe and ion microprobe data respectively. The values 

for A obtained by us for different minerals are given in Table 2.2.

To check the ability of our instrument to precisely measure non-linear excess in Mg 

isotopic composition, we have analyzed a set of anorthositic glasses doped with known 

amounts of 25Mg. The Mg concentrations of these glasses are 200 and 1000 ppm. The results 

obtained by us are given in Table 2.3 and they are in very good agreement with the results 

obtained by two other ion microprobe laboratories as well as the gravimetric value. A small
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difference can be seen in the case of the sample AN-MG-4, where the gravimetric value 

is lower than the ion microprobe data; this may probably reflect sample inhomogeneity. 

These results demonstrate our ability to measure non-linear excess in Mg isotope with a 

precision of 2%0(2crm) even when the concentration of Mg is as low as 200ppm.

Table 2.3: Mg Composition of Isotopically Spiked Samples

Sample Mg S^Mg* (±20 %„

Anorthositic Glass ppm Grav** PRL Panurge1 WU*

AN-MG-1 292 0.0 0.3 ±2.7 3.3 ± 3.4 1.9 ± 1.6
AN-MG-2 292 29.2 28.8 ±1.9 31.4 ±5.4 29.5 ±1.6
AN-MG-3 292 101.7 100.8 ±2.8 101.2 ±4.7 99.2 ±1.6
AN-MG-4 292 318.0 307.2 ±2.5 310.0 ±3.7 315.8 ±1.7
AN-MG-5 1000 0.0 0.7 ±1.8 2.2 ±2.9 0.7 ±2.2
AN-MG-6 1000 9.4 9.8 ±1.7 9.1 ± 2.3 9.2 ±1.5
AN-MG-7 1000 28.9 29.7 ±2.7 29.6 ±4.8 30.4 ±1.9
AN-MG-S 1000 97.9 96.9 ±2.2 96.7 ±2.1 97.5 ±1.9

*625Mg = A25Mg - 0.5 • A26Mg 
“Gravimetric Measurement
1Panurge (IMS-3F at Caltech): J. T. Armstrong et al. (1982)
*WU (IMS-3F at Washington Univ.): K. D. McKeegan et al. (1985)
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2.3.3 K-Ca Isotopic Analysis

One of the investigations conducted in this work was potassium isotopic studies of suitable 

meteoritic phases with high Ca/K to look for possible 45 K excess due to the decay of short­

lived radionuclide 41 Ca (t ~ O.lSMa). In order to check our ability to carry out such studies 

suitable terrestrial standards were analyzed for their K isotopic composition. In this section 

we summarize the procedures and precautions used in these measurements.

Studies of K-Ca isotopic system involves the determination of the sensitivity factors 

for K and Ca in suitable terrestrial analogs of meteoritic phases and accurate measurement 

of (41K/39K) since the abundance of 41K is extremely small. Although K has three isotopes 

(39,40 and 41), it is not possible to resolve 40K from 40Ca when Ca is present. Thus for all 

practical purpose K can be considered as a two isotope system in the present case.

K-Ca isotopic studies of terrestrial phases with high Ca/K were carried out at a mass 

resolution of ~ 5000 (Fig. 2.10), which is sufficient to resolve the major interference of 40CaR 

at mass 41K. However, the interference of [40Ca42Ca]++ cannot be resolved at this mass 

resolution, and was corrected indirectly. The magnitude of the other unresolved doubly 

charged interference [26Mg56Fe]++ is much smaller due to extremely low content of Fe in 

the Ca-rich phases and can be neglected. Finally, as the count rate at mass 41K is extremely 

small compared to 40CaR, it is also necessary to check for possible scattering from the tail 

of the hydride peak. A check of the dynamic background of the counting system is also 

necessary when the count rate of 41K is < l(c/s). The measured (41K/39K) can therefore be 

written as:

/41K+'

l39K\ ~ ^39K+J
true

(40Ca42Ca)H

&K+

(40CaR)

3?k+
bill + background (2.8)

Since it is not possible to directly measure [40Ca42Ca]++ count rate, we correct for it in­

directly by finding the magnitude of [40Ca43Ca]++ signal at mass 41.5 and noting that

(40Ca43C a)++ (40Ca42Ca)++
—= _____ (2.9)
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The [40Ca43Ca]++ signal can be monitored at 41.5. Since this signal is extremely low in both 

terrestrial and meteoritic phases, they were measured independently by using high primary 

current and large integration time to achieve good counting statistics. The measured values 

for [40Ca43Ca]++/43Ca+ in terrestrial and meteoritic pyroxenes and terrestrial pervoskite 

are shown in Fig. 2.11. The results clearly demonstrate our ability to reproduce this ratio 

in these two mineral phases and we can use this ratio with confidence for correction of 

[40Cq42Cq]++ interference. For the correction of possible contribution to 41K+ signal from 

the tail of the hydride peak, we note that the 40CaR+ signal is generally comparable or 

at times smaller (by a factor of two) than the 43Ca+ count rate. Therefore we measured 

the count rate at mass (43Ca - AM) for making this correction; where AM is given by the 

relation:

AM = • [40CaR - 41K] = 0.009amu (2.10)

The contribution from the tail of 40CgR+ to 41K+ is estimated as:

40CaRtQu(c/s) = (43Ca - AM) (c/s) • (2.11)

The potassium isotopic analysis was carried out by cycling the magnet through the masses 

39K, 40CqR, 42Ca, (43Ca - AM) and 43Ca in the usual peak-jumping mode. The cotinting 

time for signals at mass 39(39K) and 41(41K) were typically 30 to 60 sec respectively. Each 

analyses consisted of 10-12 blocks of 5 cycles each, which lasted for a duration of 90 to 120 

minutes.

Relative sensitivity factors for Ca and K were measured in terrestrial pyroxenes with 

widely differing Ca/K ratios. The results are shown in Table 2.4 and we obtain a yield factor 

of ~ 3.2 favouring K over Ca. We have used this yield factor for the perovskite phases also. 

The results of potassium isotopic analyses of terrestrial minerals with Ca/K ratios varying 

over nine orders of magnitude is shown in Table 2.5. The 41K/39K value in all the cases is
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[40,43]++/[43]+ (X10_S)

Figure 2.11: The values of [40Ca43Ca]++/43Ca+ for individual runs in terrestrial perovskite 
[fig(a)] and meteoritic and terrestrial pyroxenes [fig(b)]. The mean values for the two phases 
are also indicated. Error bars are 2crm
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close to the reference value of 0.072, within the limits of experimental uncertainties. These 

results also suggest that the magnitude of intrinsic or instrumental mass fractionation in 

the case of potassium isotopes is extremely small.

Table 2.4: K-Ca Sensitivity Factors

Mineral Ca/K A

Pyroxene 1 2.1 x 104 3.34 ±0.10
(Ti-Px-1) - -
Pyroxene 2 3x 10s 3.08 ±0.20
(CAI-Px-1) - -
All errors are 2 a™.

Table 2.5: K Isotopic Analyses of Terrestrial Minerals

Sample 40Ca/39K 41k/39k*
±2crm

Microcline* ~ 10~3 0.07187 ±0.0001
Anorthositic Glass ** 
(An-Mg-5)

8.6 x 103 0.07107 ±0.0013

Pyroxene 1** '
cn-px-i)

2.1 x 104 0.07301 ±0.0012

Pyroxene 2** 
(CAI-PX-1)

3x 106 0.06999 ± 0.0064

Perovskite® ~4x 106 0.06475 ± 0.0091
* US National Museum Standard (USNM 143966). 
••Samples prepared at Caltech (Courtesy I. Hutcheon). 
®Sample obtained from Vernadsky Institute, Moscow. 
^Corrected for C,0Cci42Ca)++ interference.
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Chapter 3

Sample Description

The samples analyzed in this study consist of eleven CAIs, of which eight belong to Efre- 

movka and three to Grosnaja meteorite. These samples were studied for their petrographic 

and chemical composition at the Vernadsky Institute, Moscow, Russia. The inclusions were 

classified following the petrographic criteria suggested by Grossman (1975,1980) and Wark 

and Lovering (1977); this is given in Table 3.1. One of the most important features of the 

Efremovka CAIs is that they do not show any signature of major secondary petrographic 

alteration (Ulyanov et al. 1982) attesting to their pristine preservation. This is not the case 

for Grosnaja CAIs which show distinct signatures of petrographic alteration (Ulyanov 91, 

Goswami et al., 1993). The documentation of the inclusions were carried out by an electron 

probe (Cameca Camebax), a scanning electron microscope (Cambridge S4/10) equipped 

with an energy dispersive X-ray analyzer and a Carl Zeiss optical microscope. The chem­

ical composition of the different primary and secondary phases observed in the CAIs is 

given in Table 3.2. A brief description of individual CAIs is given below and the elemental 

composition of individual CAIs is given in Tables 3.3-3.6.

3.1 Efremovka CAIs

E2, E59 : These are compact type A inclusions. E2 which measures ~ 2 cm is one of the 

largest CAIs seen in Efremovka and E59 (Fig. 3.1a) is ~ 1cm across. The major mineral
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phase in these inclusions are melilite (~ 75%) and spinels (17%) and some minor phases 

(pervoskite ~3%, Fe-Ni metal ~ 0.4%). Fassaite also occurs as a minor phase in these CAIs. 

These inclusions have a thick multilayered rim with layer sequence similar to type B1 CAIs 

(described below). The Akermanite content of melilite in the near rim region is ~ 10 mole 

% but steadily increases to ~ 35% as one moves to the inclusion interior. Petrographic 

description of E2 is given by Ulyanov et al. (1982) and Fahey et al. (1987b). This CAI 

has also been analyzed for REE and oxygen isotopic compositions (Ulyanov et al., 1982, 

1988; Nazarov et al., 1982,1984). Additional REE and Mg isotopic compositions have been 

reported by Fahey et al. (1987b).

E40, E44, E65 : These are type B1 CAIs (E40: Fig 3.1b; E44: Fig 3.1c and E65 Fig 3.1d) 

which mainly consist of a melilite mantle and a pyroxene rich core. All the inclusions have 

a 20 to 30 nm thick multilayered rim with a layer sequence of (as one moves outward from 

the inclusion) spinel (± perovskite), melilite, and an outer layer of pyroxene that is zoned 

from H-Al-rich fassaite to aluminous diopside. Hibonite is also present in some of the 

spinel-melilite layer of E40 rim. The spinel grains in the interior of E40 are relatively large 

(up to about ~ 100pm in the core). The spinel grains are in general isometric crystals that 

are poikilitically enclosed by pyroxenes and melilite. They are extremely pure and their 

T1O2 and FeO content is < 1%. Metal grains and anorthite are generally present in the core 

region although some times they are also present in the mantle. The abundance of Fe-Ni 

metal decreases from E65 to E40 to E44.

The pyroxenes in these inclusions show variations in their HO2 content from 2.5% 

in E65 to ~ 14.5% in E40 (Table 3.4). The pyroxenes are zoned; the smaller ones show 

simple zoning (H-rich core and Tl-poor rim) and the larger ones show complex zoning. 

The compositional data and stoichiometric considerations suggest that a good fraction of 

of Ti in these inclusions is present in the trivalent state. Melilite in all the inclusions show 

compositional zoning with the core being rich in akermanite content (55-70 mole%) while 

it decreases in the near rim region (10-30 mole%) (Table 3.3). Mineralogical studies of 

inclusions E40 and E65 have been carried out by Ulyanov and Kononkova (1990). The REE
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composition of E40 was measured by Ulyanov and Kolesov (1984), and oxygen isotopic 

compositions of bulk samples of E40 were communicated by Ulyanov et al. (1988).

E50 : It is a large (~ 1cm) multizoned hibonite-rich inclusion (Fig. 3.1e) containing a 

melilite-pervoskite zone, a melilite-spinel zone, a melilite-spinel perovskite zone arid the 

hibonite rich zone. Small (< 10pm) perovskite grains are extremely abundant in the melilite- 

perovskite zone. In the interior of the inclusion, where an association of melilite and 

perovskite is observed, the perovskites are slightly larger. The spinel grains are small and 

are poikilitically enclosed by the melilite. In the hibonite-rich zone, the hibonite has a lath 

like structure, and the spinel grains present in this zone are interwoven with melilite. The 

elemental composition of different mineral phases of E50 is given in Table 3.5.

E36, E60 : These are type B2 CAIs, E36 is a small inclusion (~ 5mm) across (Fig. 3.10 

while E60 is larger ~ 1cm across (Fig 3.1g). These inclusions have large melilite and 

pyroxene grains with smaller spinel grains enclosed in them. The pyroxene composition 

in E60 is similar to that of type B1 inclusions (Table 3.4). The melilite composition is highly 

akermanitic except near the outer edge (Table 3.3). There are a couple of localized spots in 

E60 where the presence of nepheline suggest minor low temperature alteration. There is a 

single layer diopside rim around the inclusions. The oxygen isotopic compositions of bulk 

sample of E60, and its mineral separates were reported by Ulyanov et al. (1988).

3.2 Grosnaja CAIs

GR4: It is a type A inclusion, ~ 1mm across, and is predominantly composed of melilite 

(Fig. 3.1h). There are very few spinel grains in the interior of this CAI. The rim does not 

exhibit distinct layered structure. Secondary alteration products (garnet, Fe-rich olivine 

and Na-rich plagioclase) are present in some localized areas near the rim region. The 

average major element composition of the different mineral phases are given in Table 3.6.

GR2 : It is the only Type C inclusion analyzed in this work and is ~ 2mm across (Fig. 

3,li). It mainly consists of anorthite and pyroxene and its structure indicates that it has
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probably originated from a melt. The chemical composition of different mineral phases 

is given in Table 3.6. The pyroxenes in the core have higher A1 and lower Mg content 

compared to mantle pyroxenes. The HO2 content of the core pyroxenes is higher than 

the mantle pyroxenes. This inclusion has secondaiy alteration phases near the rim which 

mainly comprises of garnets, calcite, Na-rich plagioclase.

GR7: This is the largest inclusion from Grosnaja meteorite analyzed in this work and is ~ 

lcm across (Fig. 3.1j). It belongs to the type B petrographic class. It is mainly composed of 

melilite with occasional pyroxenes. The REE data show a pattern that is similar to Group 

VI with enrichment in Eu and Yb. Melilite composition shows a broad range of akermanite 

content (15-55 mole%).
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Fig.3.1 (Continued)
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Fig.3.1 (Continued)
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Fig.3.1 (Continued)
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Fig.3.1 (Continued)
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Figure 3.1: Optical photomicrograph of a polished section of Efremovka type A CAIE59, the 
dominant mineral phase is melilite. Backscattered electron photomicrograps of polished 
sections of the Efremovka type B1 CAIs E40 (b), E44 (c) and E64 (d). The E44 section 
analyzed represents a cut close to one of the edges of this CAI. A more representative cross 
section of E44 is shown as an inset in (c). The dominant mineral species are melilite, spinel 
and pyroxene can be easily identified. Anorthite present in E44 is marked. Backscattered 
electron photomicrograph of polished section of a Efremovka hibonite-rich CAI E50 (e). The 
dominant mineral phases are melilite, spinel and perovskite. Perovskite and hibonite rich 
zones are indicated. Optical photomicrograph and backscattered electron photomicrograph 
of polished sections of Efremovka type B2 CAIs E36 (0 and E60 (g). The dominant mineral 
phases are melilite and pyroxene. Optical photomicrographs of polished section ofGrosnaja 
CAIs, type A GR2 (h), type C GR4 (i) and thin section of type B CAI GR7 (j). The dominant 
mineral phases are marked [ Melilite = Mel, Pyroxene = Fas, Spinel = Sp, Flibonite = Hib, 
Anorthite = An].
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Table 3.1: CAIs analyzed in this work

Petrographic type______Sample

Efremovka CAIs

type A 
typeBl 
typeB2 
hibonite-rich

E2 and E59 
E40, E44 and E65 
E36 and E60 
E50

Grosnaja CAIs

type A GR4
typeB GR7
typeC GR2

Table 3.2: Composition of mineral phases in CAIs 

MineralComposition_____

Primary Phases

Corundum AI2O3 
Hibonite CaA^Oi?
Perovskite CaTiC^
Spinel MgAl204 
Fassaite Ca (Mg,Ti, Al)(Al,Si)2 0$ 

Melilite Ca2MgSi207-Ca2Al2Si7 
Anorthite CaAhS^Os 
Diopside CaMgSiOg

Secondary Phases________

Grossular CasAl2Si30i2 
Nepheline NaAlSiC>4 
Sodalite Na8AlgSi6024Cl2
Calcite CaC03
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Table 3.3: Electron Microprobe Analysis of Melilite in Efremovka CAIs

E40(B1) E44(B1) E65(B1) E60(B2)
mantle core mantle core mantle core

Si02 29.83 38.59 26.66 38.55 30.17 35 42.06

Ti02 0.06 0.02 - - 0.02 0.01 -

ai2o3 23.79 10.85 29.01 10.80 25.14 17.09 4.76

Cr203 - - - - - 0.18

v2o3 - - - - - - 0.11

CaO 41.17 40.89 41.43 40.41 39.94 40.68 39.31

MgO 4.18 9.81 2.78 10.16 4.96 7.84 13.09

FeO 0.03 0.02 0.01 - 0.03 0.16 0.28

MnO - - 0.09 0.02 - - -

Na20 0.02 0.10 0.01 0.05 0.07 0.19 0.14

k2o - - - - 0.01 0.01 0.06

SUM 99.08 100.28 100 100 100.34 100.98 99.99
Note: indicates no measurement
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Table 3.4: Electron Microprobe Analysis of Pyroxene in Efremovka CAIs 

E65(B1) E40(B1) E44(B1) E60(B2)
Low-Ti High-H Low-Ti High-Ti Low-Ti High-H Low-Ti High-Ti

Si02 45.39 39.75 42.23 37.41 44.68 35.17 52.24 33.99

T1O2 2.54 7.98 6.51 14.58 4.00 11.31 0.19 12.21

AI2O3 16.67 20.80 16.32 17.82 13.67 21.24 3.08 22.56

Cr203 , 0.05 0.06 0.10 0.06 0.03 - - -

v2o3 - - 0.07 0.26 0.02 0.74 - 0.68

CaO 25.78 24.95 25.47 24.10 24.99 24.52 22.65 23.39

MgO 11.43 8.96 9.87 7.41 12.50 7.08 18.95 7.05

FeO 0.54 0.05 0.05 0.32 - 0.13 0.81 -

MnO 0.02 0.01 - - 0.03 - 0.08 0.02

Na20 0.06 - - 0.03 0.08 - - 0.07

k2o 0.02 0.01 0.01 - - - - 0.03

SUM 102.50 102.57 100.63 101.72 _ 100 100 \ 98 100
Note: indicates no measurement
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Table 3.5: Electron Microprobe Analyses of Mineral Phases in E50

Melilite Hibonite Perovskite Spinel

Si02
HOa
AI2O3
FeO
MnO
MgO
CaO
Na20
k2o
SUM

25.25
0.02

31.94 
0.08 
0.00 
2.33 

40.24 
0.00 
0.08
99.94

0.00
7.25

79.81
0.00
0.00
4.73
7.92
0.23
0.06

100.00

0.68
56.76
1.09 
0.04 
0.11 
0.05

41.09 
0.15 
0.03

100.00

0.00
0.24
69.63
0.58
0.00

28.99
0.17
0.40
0.00

100.01

Table 3.6: Major element composition of mineral phases in Grosnaja CAIs

GR2(Type O • GR4 (Type A)
Anorthite Pyroxene Spinel

Core Mantle
Garnet Pyroxene Melilite Spinel Garnet

Si02 42.46 42.02 47.18 0.07 35.07 35.86 26.81 0.04 38.99
no2 0.08 5.16 2.50 0.38 0.01 9.55 0.03 0.35 0.01
Al2Oi 36.44 14.42 9.72 70.53 0.04 21.64 28.83 71.78 22.79
Cr2Oj 0.03 0.27 0.67 0.79 0.01 0.09 0.03 0.25 <0.01
V203 <0.01 0.16 0.13 0.33 <0.01 0.15 0.01 0.41 0.01
MgO 0.11 11.76 13.31 27.36 0.17 7.53 3.20 28.02 2.45
CaO 20.04 25.59 25.49 0.08 33.43 25.28 41.10 0.16 34.93
FeO 0.10 0.16 0.21 0.53 28.26 0.02 0.08 0.08 1.35
MnO 0.01 <0.01 0.04 0.02 0.0! <0.01 0.01 0.03 0.02
Na20 0.15 0.01 0.01 - 0.01 0.01 0.03 — 0.01
k2o 0.01 <0.01 <0.01 - 0.01 <0.01 <0.01 - <0.01
Note: All values are based on averages of 3 to 15 individual analysis
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Chapter 4

Results

In this chapter the results obtained from isotopic studies of eleven coarse-grained Ca- 

Al-Rich inclusions from Efremovka and Grosnaja meteorites by the ion microprobe are 

presented. Magnesium, potassium and calcium isotopic studies were carried out on these 

CAIs using the techniques and procedures described in Chapter 2. Mg-Al isotopic studies 

were carried out on all the CAIs [E2 and E59 (type A); E36 and E60 (type B2); E40, E44 and 

E65 (type Bl); E50 (hibonite-rich); GR2 (type C); GR4 (type A); and GR7 (type B)]. The CAIs 

E44, E50 and E65 were analyzed for their potassium and calcium isotopic compositions.

4.1 Results from Mg-Al Isotopic Studies

Mg-Al isotopic studies were carried out to determine intrinsic Mg isotopic mass fractiona­

tion F(Mg) (Eq.2.2, Chapter 2) for the Efremovka CAIs, and non linear S26Mg excess (Eq.2.6, 

Chapter 2) and 27Al/24Mg values in all the CAIs.

The F(Mg) values were determined for the two major magnesium bearing phases, 

melilite and spinel, present in the peripheral and interior regions of several of the Efremovka 

CAIs. The measurements were carried out in a continuous run for individual CAI, and 

terrestrial standards were measured at regular intervals. Only in the case of E2 spinels 

in the rim were also analyzed. Further, a systematic study of spatial variation of F(Mg) 

within the CAIs were carried out in the case of E2 and E40. The results obtained from these
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analyses are presented in Tables 4.1-4.4. The errors in F(Mg) values have been computed 

by taking into account the measurement uncertainties in A25Mg for both the meteoritic 

phases and terrestrial standards. The F(Mg) values of spinels in some CAIs are slightly 

higher than melilite, however, it is not significant in view of the measurement uncertainties 

of ~ 1.5%o/amu(2crm). This difference could partly be due to the fact that the terrestrial 

melilite standard used by us has a high Akermanite content [~ Xk(65)mole%] compared to 

meteoritic melilite that spans a wide range of composition [~ Ak(10-70)mole%].

The results OTables 4.1 and 4.2) suggest significant differences in F(Mg) values between 

the peripheral and interior regions of the CAIs E2 and E40, and non-systematic spatial 

variation in F(Mg) values in E50. A detailed study was therefore carried out to determine 

the spatial variation in F(Mg) values for both melilite and spinel phases in E2 and E40 (Tables 

43-4.4). In the case of E40 the studies were carried out along two nearly radial traverses one 

of which was close to an electron probe traverse that provided data on melilite composition. 

The melilite composition in E2 and E40 show similar trends with the near rim melilite being 

gehlenitic (more refractory, high Al/Mg) while melilite in the interior are akermanitic (less 

refractory, low Al/Mg). However, the F(Mg) values for melilite in these two CAIs show 

opposite trend. Melilite in the near rim region in E2 is enriched in the lighter isotopes 

[F(Mg) < 0] and those in the interior are enriched in the heavy isotopes; in E40 the trend is 

reverse with melilite in the near rim region enriched in the heavy isotopes and those in the 

interior have near normal Mg isotopic composition. Additionally, the F(Mg) values for all 

spinels in E40 do not match the melilite data. Some of the spinel grains near the rim and 

in the interior have higher F(Mg) values compared to those of melilite, much outside the 

limits of experimental uncertainties.

The magnesium isotopic mass fractionation in the CAI E2 was measured earlier by 

Fahey et al. (1987b). Even though the fractionation trend observed by us in this is similar to 

that reported by Fahey et al. (1987b), there are some differences in the absolute values. We 

obtain systematically lower F(Mg) values for the near-rim phases than Fahey et al, (1987b). 

Since the measurements were carried out on two different sections of E2, which is the largest
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CAI in Efremovka measuring couple of cms across, these differences could be in part due to 

spatial dependence of the intensity of the process responsible for producing the observed 

intrinsic fractionation in this CAI. The data for the phases in the interior of this CAI showed 

a spread in F{Mg) values which agree with the range of values (7 to 11 %<) reported by Fahey 

et al. (1987b). We shall now the consider the data pertaining to non-linear excess in 26Mg 

in the CAIs from the Efremovka and Grosnaja meteorites.

/

If non-linear excess in 26Mg (526Mg > 0, Eq.2.6, Chapter 2) is present in meteoritic 

phases, and if such an excess is of radiogenic origin, caused by the decay of the short-lived 

radionuclide 26At (t]/2 ~ 0.7Ma), the measured 26Mg has two components and one can 

write:

(uhAg\(24MgJ

where m stands for the measured isotopic ratio, i for the initial ratio at the time of formation 

of meteoritic phases (e.g. CAIs) and represents the radiogenic component. If a CAI has 

different mineral phases with varying 27 Al/24Mg values then Eq. 4.1 describes the evolution 

of the Mg-Al isotopic system. The intercept and slope of the best-fit line represent the initial 

26Mg/24Mg and 26Al/27Al at the time of closure of the Mg-Al isotope system in the CAI. 

The procedure for obtaininga best-fit line to a set of data with errors in both coordinates have 

been given by York (1967,1969), Williamson (1968) and Provost (1990). The intercept and 

slope of the Mg-Al evolution diagrams for different CAIs analyzed by us were determined 

by using the programs developed by Lugmair (1991) and Provost (1990). It should be 

noted here that secondary processes affecting the CAIs can lead to possible exchange of Mg 

between different phases within the CAI or between CAI and external phases/reservoir 

that can disturb the Mg-Al isotopic system and result in deviations from the above relation.

The fractionation corrected 26Mg excess (626Mg) and the 27Al/24Mg values were

726Mg^ (z& Al\ /27Al^
^24Mgyt + i27Aljt l«MgJm (4.1)
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measured in all the Efremovka and Grosnaja CAIs, and the results are given in Tables 

4.1-4.5. The 27At/24Mg values were determined from the 27Al+/24Mg+ values measured 

using the ion microprobe, and the Mg-Al yield factors [Table 2.2, Eq.2.7, Chapter2]. The 

different phases that have been analyzed are spinel, melilite, pyroxene, and anorthite. 

Hibonite was also analyzed in the case of E50. The 27Al/24Mg shows a wide variation 

in the analyzed phases, spinels and pyroxenes have the lowest values (< 3); melilites 

have intermediate values (1 to 50); and anorthites have the highest values (100 to 1000). 

The spread in the 27Al/24Mg values allow us to constrain the slope and the intercept of 

the Mg-Al evolution diagram for the different CAIs and obtain accurate values for initial 

magnesium and aluminum isotopic composition at the time of formation of CAIs. In the 

case of Grosnaja CAIs and some of the Efremovka CAIs (E36, E44, E59, E60 and E65) 

results pertaining to 626Mg and 27Al/24Mg values are only given as the measurements 

were made without the added precaution needed to obtain F(Mg) values. The Mg-Al 

evolution diagrams for the CAIs were obtained by combining the results presented in 

Tables 4.1-4.5 and these are shown in Figs.4.1a - 4.1k. Seven CAIs from Efremovka, E2 and 

E59 (type A), E36 and E60 (type B2), E40, and E65 (type Bl), E50 (hibonite-rich), have well 

behaved Mg-Al isotope systematics with initial 26Al/27Al ranging from (3.11 x 1G~5 to 

5.64) x 10-5. The correlation in case of CAIE36 is not as good and although the data suggest 

the presence of radiogenic 26Mg with an initial aluminium isotopic ratio close to the values 

obtained for the other Efremovka CAIs, we cannot completely rule out the possibility of 

some disturbances in the magnesium isotopic systematics in this CAI. The CAI E60 (type B2) 

shows an approximately well behaved systematics with an initial ratio of (3.11 ±0.33) x 10-5, 

although individual anorthite data points show a scatter, and yield 26Al/27Al ranging from 

(1.86 to 3.75) x 1Q~5. The CAI E44 (type Bl) shows a clear sign of disturbance in its Mg- 

Al isotopic systematics with data for melilite and anorthite showing completely different 

trends. If we consider the melilite and anorthite data separately, and use spinel and 

pyroxene as common members, they yield initial 26Al/27Al value of (6.7 ± 2.2) x 10“5 

(melilite) and (4.6 ± 1.1) x 10~6 (anorthite) respectively. In the case of Grosnaja CAIs 

only GR2 (type C) yields a well behaved Mg-Al evolution diagram. However, the initial
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2SAl/27Al value [(3.14 ± 0.49) x 10~6], is much lower than the values obtained for the 

Efremovka CAIs. In the case of GR4 (type A) and GR7 (type B), the data suggest extreme 

disturbance in the Mg-Al systematics and absence of any correlation between 26Mg excess 

and 27Al/24Mg values. The initial 26Mg/24Mg at the time of formation of the CAIs are 

near normal within experimental uncertainties except in E60 which shows a 2%o excess in 

the 26Mg/24Mg ratio above the solar system reference value.
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Table 4.1: Mr-AI Data

Phase F(Mg) 526Mg 27At/24Mg
±2cxm ±2erm ±2IT^

E2(iype A)

Spinel* -2.6 ±1.5 -1.3 ±2.2 2.6
Spinelt 6.8 ±1.5 0.4 ±1.7 25
Melilite* 0.1 ± 1.6 8.1 ±2.2 22.6 ±0.7
Melilite* -2.9 ±1.2 7.4 ±4.7 25.7 ±0.3
Melilitet 3.5 ±1.4 3.5 ±2.1 8.5 ±0.9
Melilitet 7.2 ±1.7 1.5 ±2.5 7.9

E40flypeBl)

Spinel* 4.2 ±1.6 2.4 ±2.1 2.6
Spinel t 1.9 ±2.0 1.0 ±2.7^ 25
Melilite* 3.3 ±1.3 £7 ±1.6 13.9 ±0.7
Melilite* 4.8 ±1.6 5.5 ±2.6 18.9 ±0.2
Melilitet 0.3 ±1.3 1.9 ± 1.7 5.8

E44(Type Bl)

Spinel t 3.2 ±2.2 3.0 ±3.4 2.5
Spinel t 3.7±2.1 2.3 ±3.2 2.5
Melilitet 3.7 ±1.4 3.2 ±1.9 3.0
Melilite* 3.8 ±1.4 3.4 ±2.2 10.5 ±0.1

E65(Type Bl)

Spinel 4.7 ±1.5 2.5 ± 2.0 2.4
Spinel 4.6 ±1.5 2.4 ±1.8 2.5
Melilite 2.8 ±1.3 3.2 ±2.7 5.8
Melilite 2.7 ± 1.4 2.5 ±2.9 6.1

E60(Type B2)

Melilite* —1.3± 1.6 2.0 ±2.5 1.5
Melilitet 0.5 ±1.4 -0.1 ±2.2 0.4
Melilitet -0.2 ±1.5 2.8 ±2.1 1.1
Spinel 1.6 ±1.4 2.2 ±1.5 2.5

E36 (Type B2)

Melilite*
Melilitet

2.6 ±1.3
4.7 ±1.7

3.97 ±1.92 
3.70 ±2.34

13.08 ±0.28
21.52 ±0,80

E59 (Type A)

Melilite* 4.6 ±1.4 3.75 ±2.08 16.7 ±0.2
Melilitet 3.8 ±0.9 6.57 ±3.10 15.9 ±0.2

Note: F(Mg) and 6J6Mg are in permil/amu and permi! 
Errors less than 0.1 are not shown 
‘Near Rim f Interior
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Table 4.2: Mg-Al Data

Zone F(Mg) 526Mg (27Al/24Mg)
±2arm ±2<rm ±2crm

E50(MuItizoned Hibonite-Rich)

Melilite

Near Rim 2.11 ±1.73 4.57 ±2.72 21.37 ±0.11
Near Rim -6.61 ± 2.34 19.02 ±4.42 23.69 ± 0.06
Me + Sp 8.01 ±1.76 5.37 ±3.22 19.69 ±0.11
Interior (Me + Per) 0.97 ±1.98 12.76 ±3.98 32.56 ±3.36
Interior (Me + Per) 5.50 ±2.45 7.56 ±4.46 23.86 ±0.09
Interior (Me + Per) 5.00 ±2.15 4.58 ±4.04 18.86 ±0.15
Interior (Me + Per) 2.26 ±1.85 11.37 ±3.38 24.25 ±0.28
Interior (Me + Per) 0.50 ±1.84 4.30 ±2.74 19.62±0.37
Hibonite Rich 3.46 ±2.70 14.38 ±4.44 50.60 ±0.22

Spinel

Near Rim 1.06 ±1.59 0.24 ±2.22 2.59 ±0.27
Me + Sp 9.20 ±1.26 1.17 ±1.67 2.60 ±0.01
Me + Sp 8.30 ±1.34 -0.42 ±1.99 2.62 ±0.01
Interior (Me + Per) 0.95 ±1.50 1.41 ±2.38 2.70 ±0.03

Hibonite

Hibonite Rich 7.08 ±2.20 17.94 ±0.03
Hibonite Rich - 5.49 ±2.38 15.16±0.07 

---------- --------
Note: F(Mg) and 526Mg are in permil/amu and permil 
Errors less than 0.1 are not shown
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Table 4.3: Mg-Al Data

Position* F(Mg) 526Mg 27Al/24Mgt
pm ±2<xm ±2<xm ±2crm

E2(iype A)$
Melilite Traverse

20 0.1 ±1.6 8.1 ±2.2 22.6 ± 0.7
30 -2.8 ±1.2 9.9 ±3.5 25.7 ±0.3
50 -0.3 ±1.5 6.9 ±2.1 15.7 ± 0.1
60 0.5 ±1.4 6.5 ±2.3 10.4 ±1.2
150 2.5 ±1.3 4.5 ±1.4 8.7
320 3.7 ±1.4 3.5 ±2.1 9.36
350 3.5 ±1.4 3.5 ±2.1 8.5 ± 0.9
550 2.8 ±1.3 3.4 ±1.8 7.5 ±0.1
800 3.2 ±1.4 2.5 ± 2.0 9.7 ±0.3
1000 7.2 ±1.7 1.5 ±2.5 7.9
1250 6.5 ±1.8 6.1 ±2.5 17.2 ±0.2
1500 9.5 ± 2.0 0.7 ±3.7 10.6

Spinel
Rim —1.2± 1.6 0.9 ±1.7 2.6
Rim -0.6 ±1.4 2.4 ± 2.6 2.5
20 -2.6 ±1.2 -1.3 ±2.2 2.6
600 6.8 ±1.5 0.4 ±1.7 2.5
750 9.0 ±1.2 0.6 ±2.0 2.7

1250 6.6 ±1.6 1.2 ±2.5 2.5
Note :F(Mg) and 526Mg are in permil/amu and permil 
respectively.
'Distance from the inner boundary of the rim.
^Errors less than 0.1 are not shown.
$Data for this inclusion given in Table 4.1 are also 

included here.
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Table 4.4: Mg-AIData

Position*
pm

F(Mg)
±2arm

626M.g
±20"m

27Al/24Mg*
±2o'm

E40CiypeBl)$

Melilite Traverse

50 4.2 ±2.2 6.5 ±4.2 21.0 ±0.2
60 3.3 ±1.3 6.7 ±1.6 13.9 ±0.7
80 4.8 ±1.6 3.0 ±2.1 14.2 ±0.1

120 5.4 ±2.4 0.7 ±2.6 12.0 ±0.2
150 4.4 ±1.6 5.5 ±2.5 18.9 ±0.2
170 2.9 ±1.3 5.9 ±3.4 16.2 ±0.2
230 2.4 ±1.7 6.1 ±3.6 18.3 ±0.1
300 3.3 ±1.9 4.9 ±2.6 12.9 ±0.1
550 3.8 ±1.8 3.2 ±2.8 11.4 ±0.1
1050 0.9 ±2.1 5.5 ±3.4 6.8 ± 0.1
1550 0.3 ±1.3 1.9 ± 1.7 5.8
2550 0.5 ±1.6 3.4 ±3.0 3.8

50 4.2 ±1.6
170 5.5 ±2.1
370 2.9 ±1.6
500 5.6 ±2.0
650 4.9 ±1.7
720 3.5 ±1.9
1250 2.6 ±1.5
1300 3.3 ±1.5
1900 2.5 ±1.9
2450 1.9 ± 2.1
2520 2.3 ±1.8
2555 1.9 ±2.0
2570 2.3 ±1.7
2590 3.8 ± 1.8
3000 2.2 ±1.5

2.6
2.7
2.7
2.6

0.0 ±2.8 2.6
2.3 ±2.6 2.6
1.0 ±2.3 2.4
1.2 ±2.2 2.4
2.9 ±3.0 2.5
1.0 ±2.7 2.5
2.2 ± 2.8 2.5
2.7 ±3.2 2.5
0.1 ±2.6 2.4
1.1 ±2.7 . 2.7
3.5 ±2.6 2.5

Spinel Traverse 
2.4 ±2.1
1.1 ±3.2
1.2 ±2.0 

-0.5 ±2.7

Note :F(Mg) and 526Mg are in permil/amu and permil 
respectively.
•Distance from the inner boundary of the rim.
^Errors less than 0.1 are not shown.
$Data for this inclusion given in Table 4.1 are also 

included here.
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Table 4.5: Mg-AI DATA Table 4.5 (Continued)

Phase S26Mg* 27Al/24Mg*
±2crm

E36(iype B2)

Meliiite 1 3.27 ± 1.97 12.38 ±0.20
Melilite 2 1.20 ±2.40 8.52 ±0.10
Meliiite 3 -1.61 ±0.87 3.50 ±0.01
Melilite 4 3.47 ±1.60 11.28 ±0.36
Melilite 5 2.08 ±1.02 4.96 ±0.28
Melilite 6 3.22 ±1.60 6.04 ±0.16
Melilite 7 1.55 ±2.22 2.00 ±0.06
Melilite 8 1.92 ±2.00 17.33 ±0.60

Fassaite 1 -0.92 ±2.16 1.72 ±0.02

E40(Type Bl)

Fassaite 1 3.0 ± 2.5 2.0
Fassaite 2 3.1 ±1.8 1.9
Fassaite 3 0.7 ±2.5 1.5

E44Ciype Bl)

Spinel 1 -0.1 ±1.4 2.5
Spinel 2 -0.1 ± 1.9 2.5
Spinel 3 0.4 ±2.1 2.6
Fassaite 1 0.2 ±4.0 2.4
Fassaite 2 1.6 ±2.8 2.5
Fassaite 3 3.0 ±3.6 3.4
Fassaite 4 -1.2 ±3.5 2.6
Melilite 1 5.1 ±2.0 9.4 ±0.3
Melilite 2 5.4 ±3.6 14.1
Melilite 3 3.1 ±2.7 8.8 ±0.2
Melilite 4 7.2 ±3.6 11.9 ±0.1
Melilite 5 1.5 ±2.8 4.7
Melilite 6 1.3 ±3.2 6.0
Melilite 7 6.1 ±3.2 10,2± 0.1
Melilite 8 4.9 ±3.4 12.7
Anorthite 1 10.9 ±9.7 301.4 ±33.2
Anorthite 2 25.0 ±7.7 710.9±38.4
Anorthite 3 9.8 ±5.6 226.4 ±12.7
Anorthite 4 8.4 ±6.5 369.9 ±37.9
Anorthite 5 11.6 ± 7.2 292.5 ± 46.1

Phase 62€Mg*
drlCTm

27AI/Z4Mg*

E59(iype A)
Melilite 1 7.38 ±2.24 21.9 ±0.2
Melilite 2 6.03 ±2.40 18.1 ±0.2
Melilite 3 3.24 ±2.20 12.1 ±0.2
Melilite 5 8.04 ±4.60 23.7 ±0.2
Melilite 6 8.44 ±2.92 34.0 ± 0,2

E60(iype B2)

Spinel 2.2 ±1.5 2.5
Melilite 1 3.6 ±2.0 0.7
Melilite 2 1.0 ±2.4 0.7
Melilite 3 2.2 ±1.7 1.2
Anorthite 1 10.0 ±2.7 60.8 ±1.1
Anorthite 2 10.6 ±2.0 40.3 ±1.1
Anorthite 3 44.3 ±4.4 158.1 ± 14.5

E65(iype Bl)

Spinel 1 -2.9 ±2.3 2.7
Spinel 2 -1.1 ±2.8 2.4 ±0.3
Spinel 3 -1.6 ±2.4 2.6
Spinel 4 -0.1 ±2.7 2.5
Spinel 5 2.5 ±3.0 2.6 ±0.3
Spinel 6 -0.9 ±2.4 2.5
Spinel 7 2.3 ±1.6 2.5
Fassaite 1 0.7 ±3.6 1.4
Fassaite 2 -0.1 ±4.1 2.0
Fassaite 3 0.3 ±2.7 1.4
Melilite 1 2.7 ±1.2 6.6
Melilite 2 2.8 ±1.3 2.9 ±0.3
Melilite 3 1.8 ±2.2 3.7
Melilite 4 1.7±2.9 4.8
Melilite 5 4.4 ±1.8 13.7 ±0.1
Anorthite 1 48.8 ±3.4 162.3 ± 10.2
Anorthite 2 42.7 ±4.1 136.4 ±8.6
Anorthite 3 26.1 ±3.1 104.4 ±6.6
‘£>ibMg is in permil. ~
‘Errors less than 0.1 are not shown.
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Table 4.5 (Continued)

Phase S26Mg* t2^AI/24Mg)
i2crTa ±2trm

GR4 (Type A)
Melilite 1 3.4 ±2.2 7.4 ±0.04
Meiilite 2 3.3 ±1.8 6.1 ±0.05
8Melilite3 7.3 ±3.6 11.1 ±0.15
Meiilite 4 1.3 ±3.3 8.8 ±0.04
Melilite 5 3.4 ±3.7 12.2 ±0.04
Meiilite 6 2.0 ±3.4 12.1 ±0.13
Melilite 7 -0.9 ±2.6 5.0 ±0.13
Melilite 8 2.0 ±3.8 27.5 ±0.40
Melilite 9 0.3 ±2.9 10.9 ±0.05
Melilite 10 3.0 ±2.9 14.6 ±0.60
Spinel 1 3.2 ±2.4 2.5 ±0.003

GR7 (Type B)
Melilite 1 0.36 ±1.54 1.44 ±0.006
Melilite 2 4.32 ±2.32 1.92 ±0.012
Melilite 3 1.94 ±2.08 3.55 ±0.013
Melilite 4 3.98 ±2.26 4.16 ±0.033
Melilite 5 2.51 ±3.02 3.35 ±0.008
Melilite 6 -0.85 ±1.99 3.21 ±0.007
Melilite 7 1.45 ±2.54 9.44 ±0.398
Melilite 8 2.38 ±1.80 5.44 ±0.027
Melilite 9 4.51 ±2.56 15.31 ±0.51
Melilite 10 3.88 ±2.14 13.76 ±0.61

GR2 (Type C)
Anorthite 1 12.6 ±4.7 360.1 ±30.1
Anorthite 2 8.3 ±2.4 354.8 ±11.0
Anorthite 3 6.7 ±5.1 317.1 ±2.6
Anorthite 4 8.4 ±4.7 321.5 ±3.5
Anorthite 5 8.8±5.1 647.4 ±64.1
Anorthite 6 7.6 ±0.7 318.7 ±2.08

Fassaite 1 0.1 ±2.3 2.0 ±0.003
Fassaite 2 0.6 ± 2.1 0.8 ±0.001
Fassaite 3 0.1 ±2.3 0.7 ±0.001
Fassaite 4 1.0 ±2.8 2.1 ±0.004
Fassaite 5 2.2 ±3.0 7.2 ±0.004
Fassaite 6 0.4 ±1.7 2.0 ±0.002
5/bMg is in permil
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27 , ,24Al/ Mg

Figure 4.1: Mg-Al evolution diagram for the Efremovka CAIs E2 (type A), E36 (type B2), 
E40 (type Bl), E44 (type Bl), E50 (hibonite-rich), E59 (type A), E60 (type B2), E65 (type Bl) 
and the Grosnaja CAIGR2 (type C), are shown in figures (a) to (i) respectively. In the case 
of Grosnaja CAIs GR4 (type A) and GR7 (type B) only the data have been plotted in fig(j) 
and fig(k) respectively. The abbreviation used for the different mineral phases that have 
been indicated in the figures are: Sp= spinel, Me=melilite, Fa=fassaite, An=anorthite, and 
Hb=hibonite. The initial 26Mg/24Mg and 26Al/27At values for individual CAIs are also 
given in each figure. The two isochrons for E44 are drawn through melilite and anorthite 
data points assuming fassaites and spinels as common members in each case. Errors are 
?crm.
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4.2 Results from K-Ca Isotopic Studies

Several of the Efremovka CAIs have been analyzed for their potassium and calcium isotopic 

composition with a view to look for the possible presence of the short-lived radionuclide 

41 Ca at the time of formation of the CAIs. Previous attempts in this direction (Stegmann 

and Specht 1983) were not successful but there was a hint in the data of Hutcheon et al. 

(1984) for the presence of 45 Ca in the early solar system. We shall discuss some of the 

difficulties in carrying out such studies before presenting the results.

The short-lived radionuclide 41 Ca (t1/2 ~ O.lMa) decays to 41K. If 41 Ca was present 

in the early solar system and was incorporated live into the CAIs at the time of their 

formation then we would observe an excess in the measured 41K/39K values in them, above 

the reference value of 0.072, and the measured 41K/39K will have two components:

where i represents the initial ratio, m refers to the measured ratio and represents the 

radiogenic component. As in the case of Mg-Al system, and the above relation (Eq. 4.2) 

represents the evolution of K-Ca isotopic system in the CAL The intercept and slope of 

the best-fit line represented by (Eq.4.2) gives the initial41K/39K and 41Ca/40Ca values at 

the time of closure of the K-Ca isotope system in the CAL When Ca is present it is not 

possible to resolve 40K from 40Ca interference. Thus, although potassium consists of three 

isotopes (39, 40 and 41) it has to be treated as a two isotope system. Therefore unlike the 

case of magnesium, it is not possible to determine the fractionation corrected residual for 41K(i.e. 

641K). The normal K isotopic composition measured for terrestrial minerals with Ca/K 

ratios ranging from 10~3 to ~ 3 x 10s (Tables 2.5 and 4.6) suggest that the isotopic mass 

fractionation in the case of potassium isotopes must be small ( < a few permil/amu). It

(4.2)
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may be noted that instrumental mass fractionation generally favours the lighter isotopes 

and as such it will tend to suppress the signal at41K relative to 39K. On the other hand, 

since the coarse-grained CAIs are derived from evaporative residues, one may expect an 

enrichment of the heavy isotopes (41K relative to 39K). However, in general the magnitude 

of instrumental mass fractionation far exceed intrinsic mass fractionation and we have 

neglected any possible effect of isotopic mass fractionation in analyzing the K isotopic data.

The isotopic analyses were carried out by cycling the magnet through the masses 

39K, 4,K, ^CaR,42Ca, [43Ca - AM; AM = (43/41)(40CqR -45 K)], and 43Co. Each indi­

vidual analysis consisted of 10-12 blocks of 5-6 cycles each. Ions from a restricted area 

of the sample surface (10|am) were accepted during isotopic analysis by limiting the size 

of the field aperture to avoid contributions from the neighbouring phases and possible 

surface contamination from outside the sputtered spot. Proper care was taken during sam­

ple preparation to remove any K deposited on the sample surface while polishing. This 

was achieved by slowly heating the epoxy mounted samples in ultra-pure water (filtered 

through Millipore™ Milli-Q Plus system) for a period of one to two hours. A pre-burn of 

the sample surface was conducted for ~ 30minutes so that Ca/K reaches a steady value. 

Hibonite, perovskite and pyroxene with high Ca and low K content are ideally suited for K 

isotopic studies, while melilite and anorthite have Ca/K values < 105 and are found to be 

unsuitable for such studies. >

Perovskites in E50, and pyroxenes in E65 and E44 were analyzed for their potassium 

and calcium isotopic composition. E50 and E65 have well behaved Mg-Al systems tics with 

initial 26Al/27Al close to the canonical value of 5 x 10-5. Even though the disturbed Mg-Al 

isotopic systems tics in E44 suggest Mg exchange between melilite and anorthite in this 

CAI, the pyroxenes appear to be undisturbed with no petrographic evidence of secondary 

alteration. The results obtained in the present study are given in Table 4.6. The 40Ca/39K 

values were computed by using the measured ion ratios and the relative yield factor of 

3.2 (Table 2.4, Chapter2) favouring K. The perovskite grains from E50 have lower Ca/K 

values compared to the terrestrial perovskite. This is probably because of contribution
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from neighbouring melilite. Analyses of hibonite grains from E50 were not attempted for 

similar reasons. The 41K/39K values (Table 4.6) have been corrected for contribution to the 

41K signal from i) unresolvable (40Ca42Co)++ interference, and ii) contribution from the tail 

of the ^CaH peak (see section 2.3.3, Chapter2). The typical signal at mass 41K ranges from 

0.3-0.8(c/s). The hydride contribution estimated from the count rate at (43Ca — AM) was 

found to be very small and in general it was less than the counting system background. The 

(40Ca42Ca)++ correction is proportional to the measured (40Ca+/39K+) value in the sample 

and the magnitude of this correction ranges from a few percent to ~ 70% of the measured 

(41K+/39K+) values.

It can be seen from Fig.5.7 that the meteoritic phases with high Ca/K (> 3 x 105) show 

dear evidence of excess 41K; with the measured 41K/39K values much above the reference 

value of 0.072. The large errors in the 41K/39K ratios are due to poor counting statistics at 

mass 41 and sometimes at mass 39 which are typically of the order of < 4% (at lcr level), 

and the error associated with doubly charged calcium interference (see Table 4„6footnote). 

The excess signal at mass 41, after all the corrections, ranges from 0.05 to 0.12(c/s), which 

is much above the dynamic background of the counting system, <0.01 (c/s). This excess 

accounts for ~ 10-25% of the measured count rates at this mass. The slope of the best 

fit correlation line between 4,K/39K and 40Ca/39K is (1.6±0.3)X1Q~8 which represents the 

value of initial (41 Ca/40Ca) at the time of formation of Efremovka CAIs. The intercept has 

a value (Q.07134±0.00085) which is close to the reference value of 0.072. We shall consider 

the plausible causes for excess 41K in Efremovka CAIs and its implications towards early 

solar system processes in the next chapter.
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Table 4.6: K-CaData

Sample 40Ca/3?Kt 41K/39K*
zfc20Tn. ±2crm

Terrestrial Minerals

Microcline* ~10~3 0.07187 ±0.0001
Anorthositic Glass ** 8.6 x 103 " 0.07107 ±0.0013'
(An-Mg-5)
Pyroxene 1** 2.1 x 104 0.07301 ±0.0012
(Ti-PX-1)
Pyroxene 2** 3x 106 0.06999 ± 0.0064
(CAI-PX-1)
Perovskite® ~4 x 106 0.06475 ± 0.0091

Efremovka CAIs

E50

Perovskite 1 (1.69 db 0.01) x 105 0.07476 ± 0.0022
Perovskite 2 (5.95 ± 0.01 )x 104 0.06992 ± 0.0020
Perovskite 3 (1,36 db 0.01) x 105 0.07365 ±0.0020

E65

Pyroxene 1 (7.30 ± 0.81) x 104 0.07399± 0.0017
Pyroxene 2 (2.67 ±0.29) x 105 0.07782± 0.0044
Pyroxene 3 (5.87 ± 0.85) x 104 0.07176 ±0.0018
pyroxene 4 (9.73 ± 1.33) x 104 0.07122±0.0020
Pyroxene 5 (1.75 db 0.28) x 105 0.07441 ±0.0028
pyroxene 6 (1.52 ±0.42) x 105 0.07646 ± 0.0039
Pyroxene 7 (9.34 ± 0.54) x 105 0.08390 ±0.0085
Pyroxene 8 (9.87±0.95) x 10s 0.09311 ±0.0107
Pjroxene 9 (5.94 ±0.66) x 105 0.08303 ±0.0088
Pyroxene 10 (1.28 ±0.06) x 10s 0.09738 ±0.0100
Pyroxene 11 (3.55 ± 0.30) x 106 0.08934 ±0.0426
pyroxene 12 (2.18 ± 0.11) x 106 0.09851 ±0.0218
pyroxene 13 (1.15 ± 0.07) x 106 0.08862 ±0.0131
Pyroxene 14 (1.05 ± 0.08) x 106 0.08874 ±0.0081
pyroxene 15 (8.92 ± 0.62) x 106 0.13293 ±0.0628
pyroxene 16 (2.68 ±0.39) x 107 0.48472 ± 0.3050

E44

pyroxene 1 (2.84 ± 0.39) x 106 0.15437 ±0.0398
pyroxene 2 (2.44 ±0.14) x 106 0.13015 ±0.0103
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Table 4.6 (Continued)

* US National Museum Standard (USNM143966).
"Samples prepared at Caltech (Courtesy I. Hutcheon).
®Sample obtained from Vernadsky Institute, Moscow. 
iThe(40Ca/39K) values for terrestrialperovskileand meteoriticphases were 
obtained from ion microprobe data using an ion yield of 3.2, favouring 
K over Ca during sputtering. The yield factor is based on terrestrial 
pyroxene with high Ca/K.
Values are corrected for (40Ca42Ca)++ interference. The value for 
[40Ca43Ca]++/43Ca+ ratio for pyroxene and perovskite are (2.64 ± 
0.09) x 10~5 and (2.79 ±0.04) x 10-5 respectively. The magnitude 
of (40Ca42Ca)++ correction is given by:

[40Ca43Ca]++/43Ca+ x (42Ca+/40Ca+) x (40Ca+/39K+) 
where (40CaV42Ca+) = 151.02
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Chapter 5

Discussion

In this chapter we consider the results obtained from isotopic studies of CAIs from the 

Efremovka and Grosnaja meteorites along with other available data from these CAJs to 

understand the processes leading to their formation, as well as time scales for certain early 

solar system processes and solar-stellar relationship. The primary emphasis during isotopic 

analyses of CAIs was to look for possible departures in the measured isotopic ratios from the 

normal solar system (reference) values. Such departures, if present, can serve as extremely 

useful tracers to probe the above aspects.

The discussion presented in this chapter is divided into five subsections.

(i) Processes affecting the formation of CAIs,

(ii) Relict spinels and nebular environment for the formation of CAIs, -

(iii) Mg-Al isotopic systematics and isotopic heterogeneity in the nebula,

(iv) 41 Ca in the early solar system,

(v) Extinct radionuclides and time scales for early solar system processes.
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5.1 Processes Affecting the Formation of CAIs

Studies of isotope mass fractionation in CAIs allows one to delineate the nature of their 

source material and the principle processes leading to their formation. For example, positive 

mass fractionation in magnesium isotopes [F(Mg) > 0] would imply evaporative residue as 

the source material for CAIs as such residues are expected to be enriched in heavy isotopes. 

Conversely, mass fractionation favouring the lighter Isotopes [F(Mg) < 0] in CAI would 

suggest their formation by condensation from a gas depleted in heavy isotopes.

Both melilite and spinel phases in the Efremovka coarse-grained CAIs analyzed in 

this work are generally enriched in their heavy isotopes i.e. F(Mg) > 0 (see Tables 4.1- 

4.4; Fig. 5.1). Even though there is an apparent trend for a higher F(Mg) value for spinel 

compared to melilite (e.g. E65, E44), we do not consider this difference to be significant in 

view of the measurement uncertainties in F(Mg) [typically ~ 1.5%o/amu (20-^)]. Positive 

mass fractionation is clearly evident in five (E36, E44, E50, E59, E65) of the CAIs analyzed. 

In the case of E2 and E40, F(Mg) values for melilite and spinel show certain systematic 

spatial variation. In E2 a few data points for rim spinel and near-rim phases dp show 

F(Mg) < 0, however, the F(Mg) values for melilite in the inclusion interior are positive. 

In the case of E40, the interior melilites have near normal or slightly above normal Mg 

isotopic composition, but the values are much higher for melilites and spinels near the rim 

as well as many spinel grains in the interior. The F(Mg) values in the multizoned hibonite- 

rich inclusion E50 show non-systematic spatial variations, but both melilite and spinel are 

generally enriched in the heavier isotopes: the F(Mg) values in the melilite-perovskite zone 

are near normal, in the melilite-spinel zone both melilite and spinel have high F(Mg) values, 

and in the inclusion interior, melilite in both the hibonite-rich zone and in areas where it 

is in association with perovskite have F(Mg) > 0. Although the values for the type 92 

inclusion E60 are near normal, there is a hint in the data for a positive F(Mg) value. The 

general trend for positive F(Mg) values for the Efremovka coarse-grained CAIs suggest 

evaporative residue as the source material for these objects. This is in accord with what one 

generally expects for coarse-grained refractory inclusions based on earlier work on CAIs
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Efremovka CAIs

Figure 5.1: The intrinsic mass fractionation F(Mg) in the melilite (Me) and spinel (Sp) phases. 
of the Efremovka CAIs analyzed in this study are shown. In the case of E2, E40, and E50 
the range of F(Mg) values is indicated by the arrow marks. Note that within experimental 
uncertainty melilite and spinel have similar F(Mg) values. In the case of E36 and E59 F(Mg) 
values were measured only for melilite.
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from other meteorites (Esat and Taylor, 1984; Clayton et al., 1988; MacPherson et al., 1988). 

There is no hint in the data for extreme magnesium isotope mass fractionation, and none of N 

the Efremovka inclusions studied in this work can be classified as so called FUN inclusion, 

characterized by high F(Mg) values, typically >10%/Wasserburg etal. 1977,Brigham 1990).

The results obtained for the spatial variation in F{Mg) in the Efremovka CAIs (Tables 4.1 

and 4.4) suggest a significant and systematic difference in F(Mg) values between peripheral 

and interior phases only in E2 and E40.

The spatial variation in F(Mg) for these two CAIs [E2 and E40] showed extremely 

contrasting trends (Figs. 5.2-S.3). Such trends could result from either isotopic exchange 

between distinct reservoirs or specific process(es) affecting these inclusions during their 

formation and evolution. The F(Mg) trend seen by us in E2, where F(Mg) value increases 

from the near rim region to the inclusion interior agree with the results reported previously 

by Fahey et al. (1987b). The observed variation cannot be produced by an external thermal 

event affecting this inclusion during its formation. Fahey et al. (1987b) suggested that the 

F(Mg) trend seen in E2 can be approximated by a diffusion profile although the exact nature 

of the process leading to the observed trend cannot be determined. Diffusional exchange of 

magnesium between an isotopically normal and an isotopically heavy reservoir, the latter 

representing the parent material of E2, could be one of the possible mechanisms that can 

be proposed to explain the fractionation trend seen in this inclusion.

In contrast to E2, the fractionation trend in E40 (Fig. 5.3), with higher F(Mg) values for 

melilite near the inclusion boundary compared to that in the inclusion interior, is unique 

in the sense that this trend is seen for the first time in a normal (non-FUN) refractory 

inclusion. Before attempting to explain this trend in terms of physical processes affecting 

this inclusion, we note that the melilite near the rim of E40 is gehlenitic (high Al/Mg; more 

refractory) and it is akermanitic (low Al/Mg; less refractory) in the interior (Fig. 5.3). We 

now consider several plausible scenarios that can explain either or both the isotopic and 

petrographic data. These include:
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Figure 5.2: Magnesium isotopic mass fractionation in melilite from compact type A Efre- 
movka CAIE2. F(Mg) values have been plotted as function of distance from the inner edge 
of the rim.
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Figure 5.3: Electron probe data for akermanite content in melilite along a nearly radial 
traverse in type B1 Efremovka CAIE40. Ion microprobe data for magnesium isotopic mass 
fractionation in melilite close to this traverse is also shown. The akermanite content and 
F(Mg) values show an inverse correlation. The approximate extent of the mantle melilite 
and the beginning of the core region are indicated.
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(i) isotopic exchange between parent melt of E40 and an external reservoir of appropriate 

composition,

(ii) evaporation of Mg from E40 following its crystallization,

(iii) evaporation of Mg from the parent melt of E40 prior to its crystallization.

If the trend is due to isotopic exchange, we need a positively fractionated external 

reservoir with F(Mg) > 4~6%o/amu exchanging magnesium isotopes with a reservoir of 

normal isotopic composition, representing the parent material of E40. Even though a 

positively fractionated external magnesium isotopic reservoir is a difficult proposition, we 

cannot completely rule out such a scenario. Alternatively, one can also postulate that E40 

evolved from a melt characterized by high F(Mg) that reequilibrated with an isotopically 

normal reservoir following the crystallization of melilite and spinel near the inclusion 

boundary. However, such a scenario appears ad-hoc as melilite crystallization in CAIs is 

a very quick processes (Wark and Lovering 1982, Stolper and Paque 1986), and there may 

not be enough time for reequilibration following the crystallization of melilite near the 

boundary, and prior to crystallization of melilite in the interior.

If the observed fractionation trend in E40 is due to a thermal event, e.g. processes 

(ii) or (iii) above, we need a heating episode during the formation of this inclusion that 

resulted in loss of magnesium from its boundary region. The most obvious process that 

could be responsible for this is a volatilization event affecting this inclusion. Since the 

petrographic features of E40, (the rounded shape, coarse grained texture and mineralogy) 

suggest its formation via melt crystallization, the volatilization event could have affected 

either the parent melt of E40 or the inclusion proper following its crystallization. However, 

experimental studies have shown that evaporation from solid can lead to positive mass 

fractionation in Mg isotopes only within the first few tens of micron of the surface (Wang et 

al. 1991). The observed fractionation effect in E40 (high F(Mg) values), on the other hand, 

persists up to a few hundred microns from the inclusion boundary. Therefore, evaporation 

from solid as a cause for the observed fractionation trend in E40 may be ruled out
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Finally/ if we consider evaporation from the parent melt of E40, the observed increase 

in F(Mg) values near the surface as well as the lower akermanitic content (AklQ-15) in this 

region, can be explained by considering a loss of < 25% Mg from a melt with a composition 

similar to the mantle region of E40 [Ak(25-35)%]. This follows from the experimental data 

obtained by Davis et al. (1990) who have measured the magnitude of isotopic fractionation 

in O, Mg and Si during evaporation of a melt of forsteritic composition. We would like to 

note that fractional crystallization from the parent melt of E40 could have led to the observed 

range of melilite composition in this inclusion. Therefore, it is a priori not necessary to invoke 

volatilization loss to explain the variation in the melilite composition near the boundary 

region of this inclusion. However, it is interesting to note that the proposed volatilization 

event with a loss of < 25% Mg from the boundary region can in fact lead to the progressive 

decrease of the Akermanitic content in the near rim region (Fig. 5.3) if the initial composition 

was similar to that of the mantle (Xk25-30%). The volatilization event leading to the 

observed magnesium isotope mass fractionation trend in E40 should also result in correlated 

oxygen and silicon isotope mass fractionations (Davis et al. 1990). The expected O and Si 

isotope mass fractionations are < 4%o/amu and < 2.5%o/amu respectively. Unfortunately, 

there are experimental difficulties in the measurement of oxygen isotopic ratios of insulating 

solids by the ion microprobe, and high instrumental mass fractionation for silicon in melilite 

(~ 50 %o/amu) does not allow for a precise determination of the variation of F(Si) in E40 

melilite. The absence of Ca-aluminate in E40, which is expected during intense evaporation 

of melilite [Xk(50)] (Hashimoto, 1991), qualitatively suggests that the degree of evaporation 

in E40 was not extremely intense. There are however other Efremovka CAIs (e.g., E66a) 

where an association of gehlenite, perovskite, and Ca-a'luminates is seen in their boundary 

regions. This perhaps resulted from a more intense evaporation process than in the case of 

E40. Since the proposed volatilization event affecting the parent melt of E40 can explain 

both the isotopic and compositional variation in melilite, we consider this to be a more 

plausible process compared to the isotopic exchange scenarios discussed earlier.

It is difficult to establish whether the proposed volatilization event was itself respon­

sible for the formation of E40 or whether it was a secondary event that affected the parent
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melt of E40 produced in a separate thermal event. However, the duration of the volatiliza­

tion event has to be necessarily short so that the compositional gradient generated by it is 

not obliterated by melt diffusion. Clayton et al. (1984) and Davis et al. (1991) have pro­

posed similar scenarios for explaining the nearly sympathetic petrographic and isotopic 

data for two forsterite-bearing FUN inclusions. Although possible correlation between isotopic 

and petrographic data in CAIs have been conjectured before this is the first instance in which sym­

pathetic behaviour has been seen in a normal (non-FUN) refractory inclusion. This observation 

substantiates the role of volatilization and melt crystallization as important CAI forming 

processes.

5.2 Relict Spinel and Nebular Environment for the Formation of 
CAIs

The CAI E40 has texture and mineralogy that suggests its crystallization from a melt and 

the two dominant mineral phases in this inclusion, melilite and spinel, are expected to be 

in isotopic equilibrium. The spinels in this inclusion show some groupings in size; the 

spinels near the boundary are generally small (10-20 pm) compared to those in the inclusion 

interior (~ 20-60pm), and some spinels in the pyroxene rich core are close to 100pm in size 

(Fig. 5.4). The F(Mg) values for different spinel groups provided a surprise. We found 

that the spatial variation in F(Mg) for spinel is not exactly similar to melilite. This can be 

seen in Fig. 5.5 where we show the data for magnesium isotope mass fractionation in both 

melilite and spinel across a couple of nearly radial traverses in this inclusion. The F(Mg) 

values for spinels near the boundary are generally high and similar to the melilite values, 

whereas the spinels in the inclusion interior show a spread in their F(Mg) values in contrast 

to melilite, whose F(Mg) values suggest near normal magnesium isotopic composition. The 

basic results that are evident in the data shown in Fig. 5.5 are:

(i) small and medium sized spinels near the inclusion periphery have high F(Mg) that 

are similar and at times higher than melilite,
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Figure 5.4: Photomicrographs of spinels from the boundary and interior regions of E40 
showing clear size groupings. Scale bars are 20 and 100 pm respectively.
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Figure 5.5: Magnesium isotopic mass fractionation in melilite and spinel (Fig.a) from 
Efremovka CAIE40 measured along two radial traverses (Fig.b). The measured range of 
melilite fractionation for the interior melilite (> 500pm) falls within the shaded area and the 
dotted line encompasses the extreme error limits of individual measurements in melilite.
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(ii) medium sized spinels in the inclusion interior have both low and high F(Mg) values; 

the lower F(Mg) values match those of melilite in the interior,

(iii) large spinels in the core region have F(Mg) values similar to melilite in the interior.

The spinels with low F(Mg) in the inclusion interior may be considered to be in isotopic 

equilibrium with the melilite. However, the presence of spinels with F(Mg) values much 

greater than that for melilite in the inclusion interior was unexpected. One can consider 

two possible explanations for this observation:

(i) movement of spinels with high F(Mg) values, initially present near the peripheral 

(near rim) region, into the inclusion interior during the crystallization of this CAI.

(ii) the spinel grains with high F(Mg) are relict or extraneous to the inclusion.

We shall now consider these two possibilities. Laboratory based simulation experi­

ments on the formation of CAIs similar to E40 (i.e. Type Bl) were carried out by Wark and 

Lovering (1982). These experiments have led to the idea of movement of spinels from the 

periphery into the interior during crystallization of CAI resulting in spinel rich core, that 

are commonly observed in type Bl CAIs. In this scenario small spinel grains crystallize 

near the inclusion boundary about 20°C prior to melilite crystallization. However, once 

melilite starts crystallizing, they grow rapidly and push some of the spinel grains into the 

interior. These spinel grains continue to grow in the interior of the CAI and get trapped in 

late crystallizing phases. Since both melilite and spinel near the boundary of the inclusion 

E40 have high F(Mg), due to the volatilization event experienced by the parent melt of this 

CAI (Sec. 5.1), the presence of spinels with high F(Mg) values in the interior may be due to 

movement of boundary spinels as proposed by Wark and Lovering (1982). However, if this 

was the case, the small boundary spinels that were pushed into the interior would grow as 

they moved inward. Therefore, one would expect the spinel grains in the interior to have a 

core with high F(Mg) and a peripheral region with lower value of F(Mg) similar to that for 

melilite in the interior. However, we could not find such a difference in the F(Mg) values

94



for the edge and center of spinel grains in the interior, and such differences, if present, 

are definitely smaller than our measurement uncertainties (± 1.5%o/amu). Therefore the 

spinel redistribution hypothesis can be ruled out as an explanation for the discordance in 

the isotopic data between melilite and spinel.

The other possibility that can readily explain the discordant F(Mg) data for spinel and 

melilite in E40 is that the spinels with distinctly different and high F(Mg) values compared 

to the melilite are extraneous to this inclusion and represent relict spinels. These spinels 

were present in the parent melt of E40 and retained their identity due to incomplete melting 

and lack of isotopic equilibration. We believe that some of the small and medium-sized 

spinels in the interior of E40 with F(Mg) values outside the melilite envelope are relict. 

Some of the small spinels near the boundary (e.g. first spinel data point) may also represent 

relict phases. It is difficult to make any specific comment about the relative abundance of 

relict spinels because of their random occurrence and possible sampling bias. While a good

fraction of the small spinels could be relict, the fraction is much smaller for the medium
\

sized spinels and none of the core spinels analyzed can be termed as relict. The relict 

spinels could have been present in the parent material of E40 or they were incorporated 

into the parent melt of E40 prior to its crystallization. In both the scenarios spinel grains 

can escape complete melting if the melt was spinel saturated (Ulyanov, 1991). The possible 

presence of relict phases in coarse-grained CAIs was suggested by Stolper (1982) and S tolper 

and Paque (1986) on the basis of results obtained from laboratory experiments aimed at 

understanding the crystallization sequence in these objects. Attempts to identify relict 

grains from studies of trace elements in coexisting mineral phases in CAIs have met only 

with limited success (e.g., Kuehner et al., 1989; Simon et al., 1991). Isotopic data, that are 

suggestive of the presence of relict phases in early solar system objects, are also rare and 

there are only a couple of observations that include those of Zinner et al. (1991), who argued 

for an extraneous origin of a magnesiowustite-metal fremdling in a CAI from Vigarano, 

and of Sheng et al. (1991a) who identified relict spinels in plagioclase-olivine-inclusions - 

(POIs) from several carbonaceous chondrites. This study provides the first evidence for 

the presence of relict grain representing a major constituent phase of CAI. The implications
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of the observation for the thermal evolutionary history of E40 in particular and CAIs in 

general are discussed below.

The observed isotopic disequilibrium between spinel and melilite in E40 suggest lack 

of isotopic exchange between the relict spinels and the parent melt of E40. This allows us 

to place limits on the cooling rate during crystallization of E40 if we have the following 

inputs:

(i) Magnesium self diffusion constant in spinel in contact with Mg rich melt at high 

temperature,

(ii) Initial temperature of the parent melt of type B1 CAIs to which E40 belongs.

Laboratory based simulation experiments have been conducted by Sheng et aL (1991b) 

to determine the Mg self diffusion constant in solid spinel in contact with a melt of composi­

tion similar to plagioclase-olivine inclusions. They observed that the self diffusion constant 

varies as a function of temperature and can be approximated by the Arrhenius Relation:

D = D0exp(—E/RT) (5.1)

where D is the diffusion constant, D0 is the pre-exponential factor, R is the gas constant, 

T is the temperature and E is the activation energy. The values of D0 for spinel and melt 

obtained by Sheng et al. (1991b) are 74.6 cm2 and 7791 cm2 respectively, while the activation 

energies (E) are ~ 384kJ and ~ 343kJ respectively. The initial melt temperature for type B1 

CAI like E40 is expected to be between 1400°C to 1500°C. These values were inferred by 

Stolper and Paque (1986) who carried out simulation experiments designed to reproduce 

petrographic features of Type B inclusions starting with a melt of Ca0-Al203-Mg0-Si02 in 

appropriate proportions.

Based on these two sets of inputs viz. self diffusion constant of Mg in spinel and initial 

temperature of the parent melt of CAI like E40, one can obtain a relation between cooling
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rate and spinel size demanding complete isotopic homogenization of the spinel with the 

melt. This relation given by Kaiser and Wasserburg (1983) can be written as:

(d/2)2 rt02d(t0)
r0E

(5.2)

where d is the minimum grain size (diameter) of spinel that will undergo isotopic homoge­

nization with the melt, R is the gas constant, T0 is the initial temperature of the melt, D(T0) 

is the diffusion constant at the initial temperature, r0 is the cooling rate (°C/hr) and E is 

the activation energy. Since the relict spinels in E40 are possibly present in two distinct size 

groups, we calculate cooling rates considering two limiting sizes of spinels 10pm and 60pm. 

The calculated cooling rates range from 70°C/hr to 2°C/hr for an initial melt temperature 

of 1400°C, and from 370°C/hr to 10°C/hr for an initial melt temperature of 1500°C. These 

values are in fact lower limits as they are based on the time required for complete isotopic 

homogenization. Although the lower bounds of the.cooling rates overlap with the cooling 

rates deduced from textural and mineralogical studies of CAIs (Wark and Lovering, 1982; 

MacPherson et al., 1984; Stolper and Paque, 1986), the upper bounds are probably closer to 

the true cooling rates as the higher rates are compatible with the lack of a detectable spatial 

gradient of F(Mg) in the larger spinel grains. A recent study of trace element distributions 

in melilite from type B1 CAIs (Davis et al., 1992) also suggests that the true cooling rates of 

CAIs are probably closer to the upper bound set by petrographic and textural studies (» 

2°C/hr).

The implications of the cooling rates of the parent melts of CAIs on their formation 

environment in the nebula was considered in detail by MacPherson et al. (1984). They 

noted that the cooling rate deduced from petrographic observation (< 50°C/hr) are orders 

of magnitude higher than the cooling rate for the solar nebula as a whole (10~5oK/hr), but, 

are much lower than that for a radiating droplet in a low density solar nebula (~ 105oC/hr), 

Theoretical estimate of cooling rate of a liquid droplet in a low density solar nebula (P < 

10-3)(Tschuiyama et al., 1980 and Macpherson et al., 1984) can be made by the equation:
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primitive meteorites could have formed in'localized hot-spots relaxes the requirement of an 

uniformly hot solar nebula, with initial temperature exceeding the melting/condensation 

temperatures of the refractory phases, in the region of their formation. A low temperature 

nebula will also be in conformity with standard models for the solar nebula (e.g., Wood and 

Morfill, 1988). The presence of localized hot and dense microenvironments in the nebula is 

a pointer towards efficient gas-dust fractionation needed to explain the relatively oxidizing 

environment in which refractory objects like CAIs and POIs and perhaps chondrules have 

formed (Anders, 1985). The localized heat source cannot be identffied unambiguously even 

though several possibilities have been suggested; these include lightening (Whipple 1966, 

Cameron 1966 ), intense flares from the protosun (Herbig 1978) and probably frictional 

heating due to gas drag (Wood 1983,1984).

5.3 Mg-Al Isotopic Systematics and Isotopic Heterogeneity in the 
Nebula

The presence of the short-lived nuclide 26Al in early solar system objects (CAIs) has been 

demonstrated conclusively by many workers (Lee et al. 1976, and references in Wasserburg 

1985, MacPherson et al, 1988). Studies in different types of CAIs from carbonaceous 

meteorites belonging to CV and CO groups and individual refractory grains like corundum 

and hibonite from CM meteorites (Fahey et al. 1987a, Ireland et al. 1990, Virag et al. 1991) 

have been carried out to obtain information on the initial distribution of 26Al in the solar 

nebula at the time of formation of these refractory phases. The importance of studying this 

aspect arises from the following reasons:

(i) if the distribution of 26Al in the nebula is homogeneous it may be used as a chronome­

ter for early solar system processes.

(ii) 26Al is a potential heat source for melting and differentiation of meteorite parent 

bodies.
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(5.3)dT3eo~ 1*1*4 __ y4l
■s'_rp(cP + ^)[ °J

where T and T0 are the absolute temperatures of the liquid and surrounding medium, e is 

the emissivity, taken to be 0.8 (Carslaw and Jaeger, 1959), cr is the Stefan-Boltzman constant 

(5.7x10_12Jcm“2sec_1 “K-4), p is the the density which is ~2.8gm/cm3 (Bottinga and Weill, 

1970), r is the radius (~ 0.25cm), CP is the specific heat (~ l.5J/gm°K"1; Carmichael et al., 

1977), AHC is the latent heat of crystallization (~ 550J/gm), and ATC is the temperature 

interval over which the liquid crystallizes (~ 350°K; MacPherson et al. 1984). Since we 

have considered 1400°C (1673°K) and 1500°C (1773°K) as the initial melt temperature of 

type B1 CAIs like E40, we calculate the cooling rates when the ambient gas temperature 

Ta is comparable to these two temperatures. When the initial melt temperature is 1773°K 

and T0 is equal to 1772°K and 1763°K the cooling rates are ~ 515°C/hr and 5070°C/hr 

respectively. Similarly when initial melt temperature is 1673°K and when T0 is equal to 

1672°K and 1663°K the cooling rates are ~ 428°C/hr and ~ 4250°C/hr. These calculations 

show that if the ambient temperature of the nebula is only 1°K less than the liquid droplet 

the theoretically estimated cooling rates are comparable to the upper limits obtained by our 

isotopic data. However theoretical models of solar system formation predict temperatures 

of < 1000°K in the region of meteorite formation (Wood and Morfill 1988). Even though 

some theoretical estimate of higher nebular temperature has been made (Boss, 1993), they 

are still much below the required value of >1600°K. Thus a low pressure, low temperature 

environment cannot satisfy the constraint on cooling rates deduced from the observed data 

in CAIs. One is therefore constrained to invoke localized hot and dense regions in the 

nebula that will allow for both partial melting of solids and cooling rates appropriate for 

the formation of CAIs. Sheng et al. (1991a) have made such a suggestion for the formation 

of most of the refractory objects in the early history of the solar system, by extending their 

arguments based on the observation of relict spinels in plagioclase-oli vine-inclusions (POIs), 

a class of less refractory objects from carbonaceous chondrites that have probably formed 

at a later time than the CAIs. The possibility that the refractory objects/phases found in
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If the distribution of 26At is homogeneous it can also be used to pinpoint the astro- 

physical site(s) which could have contributed 26Al to the solar nebula. In this section we 

discuss the Mg-Al isotopic data for the Efremovka and Grosnaja CAIs to address the above 

questions. The presence of excess 26Mg in refractory phases resulting from in situ decay 

of 26At should satisfy the following relation between measured 26Mg/24Mg in the phases 

and the initial value of (26Al/27Al) at the time of their formation:

The CAIs from Efremovka show well behaved Mg-Al systematics (Fig.4.1) except in 

E44 where one can see discordance in Mg-Al isotopic data for two different mineral phases 

[melilite and anorthite] (Fig.4.1d). A minor disturbance can be discerned in the anorthite 

data for the inclusion E60 (Fig.4.1g) where individual anorthite data yield a range of initial 

26Al/27Al values. Amongst the Grosnaja CAIs only GR2 (Fig.4.1i) has a well behaved 

systematics but with much lower initial (26A1/27A1) than the Efremovka CAIs. The presence 

of 26 Mg excess and Us correlation with (27Al/24Mg) in most of the Efremovka CAIs and in the 

Grosnaja CAIGR2 confirm the presence of live 26Al in the region of solar nebula where these CAIs 

formed.

An important observation that can be made from our data is the fact that the initial 

(26At/27Al) in all but one of the Efremovka inclusions is close to the canonical value of 

5 x TO"5 (Fig. 5.6) seen primarily in unaltered type B1 CAIs from CV and CO chondrites 

[MacPherson et al 1988 and Clayton et al. 1988 and references therein ]. The Efremovka 

CAIs analyzed by us represent four major petrographic types (A, Bl, B2, and hibonite 

rich) and none of them have any distinct signatures of major secondary petrographic 

alteration. On the other hand, all the Grosnaja CAIs representing three petrographic types 

[ A, B and C (anorthite rich)] have distinct signatures of secondary petrographic alteration 

[presence of calcite, garnet, Na-rich plagioclase etc] and are characterized by disturbed 

Mg-Al systematics and/or much lower initial 26Al/27Al values (0 to 6x10~6). A similar

(5.4)
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situation holds for CAIs studied in earlier work (Macpherson et al., 1988 and references 

therein) with initial (26Al/27Al) varying over a wide range from 0 to 5 x 1CT5. Till date 

more than 500 inclusions and/or refractory phases have been analyzed from carbonaceous 

chondrites for their Mg isotopic composition and the main observations are:

(i) a good number of type B1 inclusions show well behaved Mg-Al isochron with initial 

(26Al/27Al) close to 5 x 10-5 often referred to as the canonical value,

(ii) in general type B2 and type A inclusions either have disturbed Mg-Al systematic or 

have much lower initial (26Al/27Al) ratio with few exceptions,

(iii) hibonite-rich inclusions from CM meteorites that have large li and Ca isotopic anoma­

lies have initial (26Al/27At) that are one or two orders of magnitude lower than the 

canonical value, and more often devoid of excess 26Mg; on the other hand hibonites 

with initial Al isotopic composition close to the canonical value do not show large II 

and Ca isotopic anomaly,

(iv) Corundum grains fall into distinct groups with different initial Al isotopic composi­

tion, the highest being close to the canonical value.

The observed variation in initial 26Al/27Al ratio in CAIs and refractory phases in different 

meteorites may be attributed to one or more of the following:

(i) differences in the time of formation of CAIs and the refractory phases (assuming an 

uniform distribution of 26Al in the nebula)

(ii) heterogeneous distribution of 26Al in the solar nebula

(iii) secondary alteration of some of the objects leading to disturbances in the Mg-Al 

isotopic systematics.

If the variations are simply ascribed to time assuming an uniform distribution of 26Al 

in the solar nebula with initial 26Al/27Al close to the canonical value it would imply a
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large time interval (> 5Ma) between the formation of type B1 inclusions and other types of 

inclusions and some of the refractory phases in CM meteorites. This is a difficult proposition 

as hibonites found in CM chondrite are more refractory than the phases seen in type B1 

CAIs, and they also have much larger H/Ca isotopic anomalies than in the case of type B1 

CAIs and were either contemporaneous or formed prior to the CAIs. These considerations 

have led many researchers to propose extreme heterogeneity in the distribution of 26Al 

in the solar nebula as the cause for the observed variation in the initial 26At/27Al seen in 

refractory phases and CAIs from carbonaceous chondrites. Even though, the fact that bulk 

of the CAIs analyzed to date have signatures of secondary alteration in low temperature 

environment which can potentially disturb the Mg-Al systematics leading to low or near 

absence of 26Al in these objects was noted, it was not emphasized to be the main cause for 

the observed variations.

The most important feature of the results obtained from this study suggest that the 

canonical value of 5 x 10”5 for the initial (26Al/27Al) ratio is not restricted to type B1 CAIs 

alone. This aEows us to generalize upon our results. On the basis of Efremovka data one 

can question the validity of extreme spatial heterogeneity in the distribution of 26Al in the 

' solar nebula in the region of formation of Efremovka CAIs. Data obtained in this study 

suggest that aU the Efremovka CAIs have most probably sampled the same 26A1 reservoir 

and the variation seen in E60 and E44 may be attributed to secondary processes. In fact the 

presence of nepheline in E60 indicates possible presence of secondary processes affecting 

the anorthites. The initial Mg isotopic ratio in E60 which is 2%« above the reference value 

is also suggestive of secondary event leading to reequilibration of Mg isotopic systematics 

in the CAI. The discordant data for melilite and anorthite in E44 is exactly what one 

expects if there was an exchange of Mg between these two phases with contrasting Al/Mg 

ratios. Podosek et al., (1991) proposed such a scenario to explain the observed Mg-Al 

systematics in several AUende CAIs that have disturbed record of secondary alteration, and 

suggested that secondary processes leading to exchange/reequiHbration of Mg isotopes is 

the main cause for the observed disturbances in Mg-Al systematics seen in petrographicaHy 

altered CAIs. The Efremovka data, therefore, do not support the idea of an extreme spatial
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inhomogeneity of 26Al in the solar nebula. However, we cannot rule out the possibility 

that there can be more than one distinct reservoir of 26Al in the nebula, particularly in light 

of the data for hibonite and corundum from CM meteorites. Virag et al., (1991) have in fact 

suggested the presence of three distinct 26Al reservoir, two of them with initial (26Al/27At) 

~ 5 x l£r5 and ~ 2 x 10-6 and a third one without 26Al to explain the Mg-Al isotopic 

systematics in Murchison corundum grains. Although, these grains may have probably 

sampled a restricted area of the solar nebula, this observation coupled with Efremovka 

data suggest probable presence of specific zones/reservoirs in the nebula with distinct 

(26Al/27Al) isotopic composition.

In the light of isotopic homogeneity of 26Al proposed above for the region in the 

nebula where the Efremovka CAIs have formed, we shall consider the spatial extent of 

such homogeneity in comparison to the nebular distribution of 160 and 50Ti, two stable 

isotopes with anomalous (enriched) abundances in many refractory phases. Oxygen is one 

of the major elements in the solar system. Isotopic composition of O has been studied 

extensively in CAIs, chondrules, meteorites, and lunar and terrestrial samples (Clayton 

1978,1993 and references therein). Oxygen has three isotopes (16,17 and 18) and isotopic 

ratios are normalized with respect to 160 which is the most abundant isotope, and the 

isotopic data of oxygen is expressed as deviation (6,70 and 61S0) from the reference value 

(standard mean ocean water). On the three isotope plot of 6170 vs 6180 the oxygen isotopic 

data from different samples are expected to lie on a fractionation line with slope equal 

to half. However, oxygen isotopic data for refractory phases in CAIs fall on a line with 

slope ~ 1 (Clayton et al., 1973; Clayton 1978,1993 and references therein). The individual 

phases in CAIs show a great variation in oxygen isotopic composition. Certain phases 

like spinel show a maximum enrichment in 160 (6170 ~ -40%0) and phases like melilite 

have almost normal isotopic composition. The internal variations have been interpreted as 

having originated from secondary exchange of O with an external gaseous reservoir. The 

most 160 rich mineral exchanged the least with this external reservoir whereas the least 

160 rich phase experienced maximum exchange, probably due to greater diffusion rates 

of oxygen (Muehlenbachs and Kushiro 1974 and Hayashi and Muehlanbachs 1984). The
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oxygen isotopic data in CAIs can be attributed to the presence of two reservoirs, one (dust) 

enriched in 5160 and another (gas) depleted in 160 and the mixing of these two reservoirs
I

generated the line with slope ~ 1 (Clayton et al. 1985). If one considers the oxygen isotopic 

data for bulk meteorites and terrestrial and lunar samples they fall on different lines with 

slope half. The fact that for large (» km) objects the oxygen isotopic data do not fall on a 

single fractionation line indicates a planetary scale heterogeneity in oxygen. On the other 

hand H isotopic anomalies particularly enrichment and at times depletion in the neutron 

rich isotopes (49Ti and 50Ti) seen in hibonite grains from CM meteorites, show a random 

scatter in their absolute magnitude. Fahey et al., (1985, 1987a) and Zinner et al., (1986b), 

suggested that these random variations arise from plausible heterogeneous distribution of 

the carriers of these anomalies viz. interstellar dust grains in the nebula at a very small 

scale length. It is interesting to note that U-rich phases like pyroxene in type B1 CAIs from 

CV meteorites have nearly normal H isotopic composition. Thus it seems that H isotopic 

variations occur at a spatial scale length that is much smaller than that of 26Al which in 

turn is perhaps smaller than planetary scale length in the variation of oxygen isotopic 

distribution in the nebula.

5.4 41 Ca In The Early Solar System

The studies of potassium isotopic composition in Efremovka CAIs, results of which were 

presented in the previous chapter (Table4.6) was intended to look for the presence of 

the short-lived radionuclide 41 Ca (t ~ O.lSMa) in the early solar system. The unaltered 

Efremovka CAIs with initial (26Al/27Al) close to the canonical value of 5 x 10-5 and 

containing phases like pyroxene and perovskite with high Ca/K are ideal to look for 

possible presence of 41 Ca in the solar nebula at the time of formation of these CAIs. 

Previous attempts in this direction (Stegmann and Specht 1983, Hutcheon et al. 1984) using 

CAIs from Allende and Leoville were not very successful although the data of Hutcheon 

et al., (1984) provided a hint for the presence of 41 Ca in a couple of Alleride CAIs with an 

upper limit of (8 ± 3) x 10~9 for the initial (41 Ca/40Ca) at the time of their formation. If
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41K excess resulting from 41 Ca decay is present in refractory phases of CAI one can write 

the following relation for K-Ca systematics:

The results obtained in the present study, shown in Fig. 5.7, clearly demonstrates that 

presence of excess 41K in the analyzed phases, particularly those with Ca/K > 3 x 105. A 

very good correlation between 41K and the 40Ca content of the analyzed phases has also 

been observed. The best fit line through the data points yields an initial (41K/3?K) close to 

the reference value of 0.072 and has a slope of (1.6 ± 0.3) x 10~8. Even though the Ca/K 

value for most of the data points lie in the region of (0.3 to 3) x 106, the correlation holds true 

even for phases with extreme Ca /K ratio of 2 x 107. The value of the slope of the correlation 

line obtained by us is higher than the value [8 ± 3] x 10~9] reported by Hutcheon et al. 

(1984). However, a majority of the data points (4 out of 6) with high 40Ca/39K (> 5 x 10s) 

reported by Hutcheon et al. (1984) suggest a higher value for the slope that is closer to the 

value obtained by us.

We, therefore, believe that the excess 41K signal seen by us in the Efremovka CAIs 

are real and consider the possible causes for this excess. The observed 41K excess in the 

Efremovka CAIs can result from any one of the following reasons:

(i) production of 41 Ca by secondary neutrons during cosmic ray exposure of the Efre­

movka meteorite resulting from (n,y) reaction with 40 Ca present in the CAIs and its 

subsequent decay,

(ii) 41K locked in refractory stardust that are part of the initial components of the solar 

nebula from which the CAIs are formed,

(iii) presence of the short-lived radionuclide 41 Ca in the early solar system that was 

incorporated 'live' into the CAIs during their formation and its in situ decay.
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Figure5.7: Plot of measured potassium isotope ratios as a function of40Ca/3?Kforrefractory 
perovskiteCPer) and pyroxene(Pyx) phases in CAIs E50, E44 and E65. For clarity, phases 
with Ca/K < 3.5x10s are shown in Fig(a), while all data points are shown in Fig(b). 
The open symbols represent data for terrestrial pyroxene, the horizontal line represents the 
reference potassium isotope ratio (0.072) and the slope of the best fit line is (1.6±0.3) x 10-8.
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As already noted an important observation in this study is the extremely good corre­

lation of excess 41K with 40Ca contents of the analyzed phases. The observed correlation 

between excess 41K and 40 Ca is a natural expectation if the excess 41K is either due to cosmic 

ray induced effect or due to the presence of 41 Ca in the early solar system. On the other 

hand, such a correlation is difficult to explain in the 'fossil' hypothesis.

If the excess 41K is due to cosmogenic production of 41 Ca, the secondary neutron 

fluence experienced by the Efremovka meteorite should be sufficient to account for the 

41 Ca/40Ca ratio of (1.6 ± 0.3) x 10~8 which represents the slope of the correlation line in 

Fig. 5.7. With a thermal neutron cross section of440mb for the 40Ca(n,y)41 Ca (Mughabghab 

et al., 1981) reaction, a thermal neutron fluence of ~ 3 x 1016 is necessary to explain the 

observed ratio. Although no direct estimate of the thermal neutron fluence experienced 

by the Efremovka samples is available a reasonable estimate can be made by comparing 

it with Allende, as both of them belong to the same meteorite type (CV3). The expected 

secondary fluence in a meteorite depends mainly on three parameters: the cosmic ray 

exposure duration, the pre-atmospheric size and the chemical composition of the meteorite 

The preatmospheric size is an important parameter as the production of secondary neutrons 

within the meteorite increases with shielding depth and reaches a maximum at a shielding 

depth of ~ 1G0-I50gmcm“2. The noble gas data for the Efremovka meteorite (Mazor et al., 

1970) suggest a cosmic ray exposure age of ~ lOMa for this meteorite which is twice that for 

the Allende (Fireman and Gobel 1970). However, the pre-atmospheric size of Efremovka, 

with a recovered mass of ~ 21Kg, is likely be much smaller than that of Allende for which 

the recovered mass exceeds 2000Kg. A fairly reliable estimate of the neutron fluence 

experienced by Allende has been made by Gobel et al., (1982) based on studies of the 

neutron produced isotope 36Ar (from 36Cl). The inferred values are a few times 1014cm~2 

(up to 1015cm-2). Even if we consider the higher value of neutron fluence estimated for 

Allende and the factor of two higher exposure age of Efremovka compared to Allende, 

the neutron fluence experienced by Efremovka cannot exceed a few times 1015cm~2 in 

view of its smaller pre-atmospheric size. This fluence is an order of magnitude less than 

that required to explain the observed 41K excess in the Efremovka CAIs. Therefore, the
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possibility that the observed 41K excess is due to production by secondary neutrons during 

the cosmic ray exposure of the Efremovka meteorite in the interplanetary space can be ruled 

out.

The possibility that 'fossil' records of extinct nuclide decay products may be found in 

primitive meteorite was proposed by Clayton (1977,1982,1986). He has also suggested 

specifically that41K of 'fossil' origin could be present in refractory inclusions of primitive 

meteorites, which would enhance the 41K/39K ratio in these objects above the normal solar 

system value (Clayton 1977). In this model the refractory condensates (stardust) formed in 

stellar environment (e.g. supernova envelope) will be enriched in their refractory element 

concentrations (e.g. Ca) compared to the volatile (e.g. K) and as such they will have 

high Ca/K ratio and also excess 41K from 41 Ca decay. Since these stellar condensates are 

expected to be an important component of the solar nebula they will find their way into 

the CAIs that are considered to be some of the first solids to form in the solar system via 

processes invoking condensation, evaporation, and/or melting/recrystallization. These 

CAIs can therefore inherit excess 41K from the stellar condensates. The magnitude of 41K 

excess in the CAI will depend upon several parameters including the initial elemental 

fractionation in the stellar environment during the formation of the stellar condensates and 

the degree of enrichment of stellar condensates, relative to normal solar system matter, 

in the parent material from which the CAIs are formed. While this scenario has its own 

appeal, it does not readily explain the correlation between excess 41K and 40Ca content 

seen in our data. One may attempt to explain this correlation by considering mixing of 

two components during the formation of the CAIs with one of the components having 

both high (Ca/K) ratio and large 41K excess and the other with lower ratio and normal 

potassium isotopic composition (Clayton, 1993). Such a scenario appears ad hoc and there 

are quite a few free parameters, particularly fractionation factors, whose values cannot 

be easily constrained. The data presented by us suggest an enrichment in the 41K/39K 

ratio by a factor of six in the pyroxene with the highest Ca/K value. Thus in the 'fossil' 

model, the stellar condensates must be characterized by values that are much higher than 

this enrichment factor, a proposition difficult to accommodate. It may also be noted that
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Clayton (1977) predicted an enhancement of only 0.25% for the 41K/39K value in CAI based 

on this model. Thus it is extremely unlikely that the observed 41K excess could be of 'fossil' 

origin. The presence of a small component of 'fossil' 41K in the CAIs however cannot be 

ruled out unequivocally.

The 41K excess in the Efremovka CAIs and its correlation with 40 Ca can therefore be 

best explained by considering the presence of live 41 Ca in the early solar system at the time 

of formation of the Efremovka CAIs. Because of the short half-life of 41 Ca, the observation 

of 41K excess in early solar system objects puts some stringent constraint on the time interval 

between the last nucleosynthetic input to the solar nebula and the formation of some of the 

first solar system solids (CAIs). We shall consider these time scales based on 26Al and 41 Ca 

data in Efremovka CAIs in the following section.

5.5 Extinct Radionuclides and Time Scales for Early Solar System 
Process

The presence of short-lived nuclei decay product in CAI allow us to constrain the time 

interval between the last injection of nucleosynthetic matter ta the solar nebula and the 

formation of these objects. The strictest lower limit on this time interval is provided by 

the observation of radionuclide with the shortest meanlife. Prior to this study 26Al (x ~ 

l.lMa) was the shortest lived radionuclide whose presence in the early solar system was 

conclusively established. The present study showed that 41 Ca with a six times shorter 

meanlife ( ~ 0.15Ma) than 26Al was also present in the early solar system. As a first 

approximation we assume that that all the solar system Al, Mg, Ca and K was injected 

during the last nucleosynthetic event prior to the isolation of the nebula. The time interval 

'A' between injection of this matter [containing 26Al and 41 Ca] into the solar nebula and 

formation of CAIs is given by the relation:

A
l.lu M]

PJ (5.6)
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where M is the measured ratio, P is the production ratio andA is the radioactive decay 

constant for the particular nuclide. Before we apply the above relation to evaluate A we 

consider the production ratios of (26At/27Al) and (41 Ca/40Ca) in the various astrophysical 

sites. A discussion on the plausible nucleosynthetic sites for 26At is given by Clayton and 

Leising (1987); these are:

(i) explosive nucleosynthesis in supernova where P ~ 10"3 (Truran and Cameron 1978, 

Woosley and Weaver 1980),

(ii) hydrostatic carbon burning in massive stars P ~ 10~3 (Arnett and Wefel 1978),

(iii) high temperature hydrogen burning in nova and asymptotic giant branch stars where 

P ~ 0.1 to 1 (Hillebrandt and Theileman 1982, Cameron 1985, and Wasserburg et al. 

1994).

While the production ratio of (26Al/27Al) vary over a wide range the situation in case of 

41K which is believed to be produced as its radioactive progenitor 41 Ca is simpler. The 

nucleosynthetic processes that have been considered for production of 41 Ca are:

(i) explosive oxygen burning: P ~ 1.5 x 10~3 (Woosley et al. 1973),

(ii) explosive silicon burning: P ~ 10~3 (Bodansky et al. 1968).

The production ratio of (41 Ca/40Ca) can also be estimated by considering the solar system 

abundance of K and Ca isotopes. Since 41 Ca is the radioactive progenitor of 41K, the 

production ratio is ~ 4 x 10~3. If we consider equal production of the odd mass nuclides 

41 Ca and 43Ca we get a production value of 1.3x 10~s. The production ratio for 41 Ca is 

thus much more tightly constrained than 26Al and ranges from [lto4] x 10~3.

Based on the above production ratios (P) for 26Aland the measured ratio (M) of 5 x 10~5 

in CAIs the estimated time interval A varies from 3 to lOMa. In the case of 41 Ca, the value 

for A is <1.5Ma for a measured ratio of 1.6 x 10~8. If we assume that the injection of 26Al
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and 41 Ca into the solar nebula had taken place contemporaneously we can use data for 

both 26Al and 41 Ca and get a value of A by using the relation:

A =
1 lnfMi _Pj_ 

At-A,' [Pt Mj (5.7)

where Pi and Pj refer to production ratios, Mi and Mj refer to measured ratios in CAIs, and 

At and A, refer to the decay constants of the two short-lived radionuclides. For the range 

of above mentioned production ratios for 26Al and 41 Ca, Efremovka CAIs yield A value in 

the range of 0.6 to 2Ma.

However, these values are upper limits as the above relation does not take into ac­

count the dilution of the freshly injected matter with pre-existing nebular matter of normal 

composition. There is no simple way of rigorously estimating this dilution factor. One 

can only make an order of magnitude calculation based upon the short lived radioisotope 

129I (t ~ 23Ma). The production processes of iodine isotopes are well understood, and the 

production ratio of 129I/127I is of the order of unity. The measured initial value of 129l/127l 

in meteoritic phases is ~ TO-4. If the decrease in the initial ratio from its value at produc­

tion is ascribed to free decay interval 'A' then the time interval is ~ 200 Ma. However, 

the presence of 26Al and 41 Ca in CAIs show that free decay interval is only a few million 

years, which is negligible compared to the meanlife of 129I. Therefore, one can postulate a 

dilution factor of ~ 104 to explain the measured initial 129I/127I ratio. One must however 

note that 129I has a meanlife much greater than that of 26Al and 41 Ca and therefore, it could 

have been produced over a much longer time scale in different stellar sites/sources and 

these individual contributions cannot be easily decoupled. Further, there is no a priori way 

of predicting whether all short-lived nuclei were introduced into the solar nebula from the 

same sourceCs) and got diluted to the same extent. Wasserburg et al., (1994) have recently 

proposed a similar dilution factor by considering data for various short-lived nuclides in 

the early solar system and assuming a common source (AGB star) for their origin. A neb­

ular dilution factor of ~ 104 combined with the measured and production ratios of 4,Ca
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in Efremovka CAIs yield a time interval A of.< IMa. Even though the uncertainty in the 

proper choice of 26Al/27Al makes it difficult to exactly obtain this time scale, the required 

production rate that will yield a time scale compatible with that obtained from 41 Ca is 

0.15 which is within the range predicted for different stellar sites. The 41 Ca data predicts 

the strictest lower limit for the time interval between the injection of freshly synthesized 

nucleosynthetic matter to the solar nebula and formation of CAIs. The time scale obtained 

from 41 Ca is also consistent with the recent observation of 60Fe in differentiated meteorites 

(Shukolyukov and Lugmair 1993a, b) which suggest that the time interval between the iso­

lation of the nebula and the formation of large (> km-sized) objects and their subsequent 

heating, melting and recrystallization is < lOMa.
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Chapter 6

Summary and Conclusions

The primary aim of this thesis was to analyze pristine CAIs from primitive meteorites 

to understand the formation and evolution of these early solar system objects and to 

delineate the time scales of early solar system processes. CAIs from the carbonaceous 

chondrite Efremovka, representing different petrographic types, that have not undergone 

major secondary alteration, were selected for this study. These CAIs have been analyzed 

for their Mg, K and Ca isotope compositions. In addition, several CAIs from the Grosnaja 

meteorite with distinct signatures of secondary petrographic alterations were also analyzed 

to assess the effect of secondary alterations on Mg-Al isotopic systematics. The isotopic 

studies were carried out using the techniques of secondary ion mass spectrometry. A brief 

summary of the work carried out and the important results and conclusions obtained are 

given below.

The Efremovka CAIs studied in this work encompass all the major petrographic types 

(A, Bl, B2 and hibonite-rich) which allow us to generalize upon our results. Since these 

studies were carried out on a newly acquired ion microprobe, the instrument was thor­

oughly tested for its suitability for high mass resolution isotopic studies of Mg, K, Ca and 

Ti by analyzing terrestrial analogs of the meteoritic phases. Extensive tests were carried out 

to ensure that conditions necessary for reproducible and high-precision isotopic measure­

ments are adequately met by the instrument. Measurement of terrestrial standards as well 

as isotopically doped silicate glasses gave good results with a precision of 2%0(2crm) for
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magnesium isotopic analysis even on samples with low Mg content (few hundred ppm). 

Reliable measurements of isotopic compositions of other elements (e.g. Ca and 'll) that 

require extremely high mass resolution (M/AM ~ 10,000) could also be performed with 

high precision.

Magnesium isotopic studies of Efremovka CAIs belonging to different petrographic 

types revealed well-behaved isotopic systematics. This confirms their pristine nature as 

inferred from earlier trace element as well as petrographic studies which showed the near 

absence of secondary alteration products in these inclusions. The isotopic data provided 

new information on the nebular sites and processes responsible for the formation of the 

CAIs, and also on the distribution of 26Al in the solar nebula. These are:

(i) Sympathetic behaviour of isotopic and petrographic data, seen for the first time in 

a non-FUN refractory inclusion (E40), substantiates the role of volatilization as an 

important CAI forming process. A short duration volatilization event, affecting the 

parent melt of this CAI, can best explain the observed correlation between isotopic 

and petrographic data in this Efremovka CAI.

(ii) The presence of relict spinel was inferred from the observed isotopic disequilibrium 

in coexisting spinel and melilite in an once-molten Efremovka CAI. This facilitates 

finer constraints on the cooling rate of the parent melt of this inclusion. The deduced 

cooling rates range from few degrees to few hundred degrees per hour depending on 

the initial temperature of the source melt (1400 to 1500°C). Such cooling rates are not 

viable in the low pressure nebular environment. Further, the predicted temperatures 

of < 1000°K in the meteorite forming zone (~ 3AU), in the standard model of solar 

nebula, point towards localized hot and dense regions, that allow for both partial 

melting of refractory precursors of CAIs and appropriate cooling rate, as the most 

plausible site for CAI formation. This also suggests an efficient gas-dust fractionation 

mechanism operating in the nebula.

(iii) All the Efremovka CAIs and one of the Grosnaja CAIs are characterized by the pres-
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ence of excess 26Mg which correlates well with 27Ai, confirming the presence of live 

26Al in the nebula at the time of formation of these CAIs. The values for the initial 

aluminium and magnesium isotopic ratios at the time of formation of the different 

Efremovka CAIs can be explained if we consider a relatively uniform source reservoir 

characterized by a normal magnesium isotopic composition and an initial 26Al/27Al 

close to the canonical value of 5 x 10~5. The disturbed isotopic systematics, seen 

in one of the Efremovka CAIs, can be understood in terms of partial reequilibration 

involving isotopic exchange between two mineral phases with contrasting Al/Mg 

ratios. The observed extreme variation in initial 26Al/27Al in the Grosnaja CAIs can 

be attributed to post-formation processes affecting these CAIs. Our data, therefore, 

suggest a relatively homogeneous distribution of 26Al in the region of CAI forma­

tion. We do not favour the view of an extremely heterogeneous distribution of 26Al 

in the solar nebula, proposed to explain the large variation 26Al/27Al seen in many 

CAIs. As most of these CAIs also show clear signatures of secondary alteration, these 

variations most probably reflect late stage disturbances in Mg isotopic systematics 

due to secondary processes affecting these CAIs. If we consider all the isotopic data 

in totality it is however difficult to rule out the presence of more than one distinct 

reservoir of 26Al in the solar nebula.

(iv) The K-Ca isotopic studies of Efremovka CAIs have indicated definite presence of 

41K excess in them which correlates well with 40Ca content of the analyzed phases. 

Several possibilities like neutron induced reaction during cosmic ray exposure of the 

Efremovka meteorite, contribution from 'fossil'41K locked in stellar condensates that 

can find their way into the CAIs, and the presence of 'live' 41 Ca in the early solar 

system were considered. The last alternative can best explain our observations. Our 

data yield an initial41 Ca/40Ca ratio of (1.6 ± 0.3) x 10~8 at the time of formation of 

Efremovka CAIs. 41 Ca can now be added to the list of extinct radionuclides that were 

present in the early solar system.

(v) The presence of short-lived radionuclides 26Al and 41 Ca allows us to put strong
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constraint on the time interval between the cessation of nucleosynthetic input to 

the solar nebula and the formation of solar system objects. Our data suggest this 

time interval to be < IMa. Such a short time interval is also consistent with the 

recent observation of excess “Ni (resulting from decay of 60Fe [ meanlife ~ 2Ma]) in 

differentiated meteorites that suggests the formation of large (» Km -sized) objects 

in the early solar system and their subsequent melting, cooling and recrystallization 

within a short span of < lOMa.

6.1 Scope for Future Work

The work presented in this thesis represents the first detailed study of pristine CAls from the 

Efremovka carbonaceous chondrite. The study was conducted to explore the possibility 

of a better understanding of the processes in the formative stages of the solar system. 

The Efremovka CAIs have lived up to the promise of their primeval nature. The results 

summarized in the preceding pages are very encouraging and attest to the utility of carrying 

out detailed study of such CAIs.

The petrographic and isotopic studies of Efremovka CAIs have allowed us to iden­

tify important CAI forming process like volatilization. Similar studies of CAIs from the 

carbonaceous chondrites Vigarano and Leoville that are also free from major secondary 

alteration effects will be useful in this regard. Laboratory based simulation experiments 

have indicated the formation of Ca-aluminates during intense evaporation of melilite. Such 

phases are not present in any of Efremovka CAIs analyzed in this work'although they are 

present in some other Efremovka CAIs (e.g., E66). Detailed studies of such CAIs may fur­

ther improve our understanding and quantification of processes like volatilization during 

the formation of CAIs.

The advantages of isotopic studies in identifying relict phases have been clearly 

demonstrated in this study. Relict grains can probably go a long way in indentifying 

precursors of not only CAIs but also of chondrules. In fact a very recent report on obser-

117



vation of relict spinel in chondrules (Misawa and Fujita 1994) suggests CAIs as one of the 

precursor component of chondrules. The constraints on nebular environment for CAI for­

mation, obtained from this study, should be cross checked by studying other CAIs. These 

may provide us with finer details of nebular environment (e.g. extent of gas-dust fraction­

ation, temperature and density) which can improve our understanding of the state of the 

solar nebula. The nature a nd cause for the localized heat source is not well understood and 

needs further study.

Mg-Al isotopic systematics of Efremovka CAIs negate the idea of an extremely het­

erogeneous distribution of 26Al in the solar nebula. Although the sample set consisted of 

the major petrographic types, type C and fine-grained inclusions did not form a part of 

this study. Isotopic studies of such inclusions from other meteorites are few in number. 

A study of petrographically unaltered type C and fine-grained inclusions from Efremovka 

will probably complete the picture. Further studies of CAIs from CV and CM meteorites 

may probably allow us to identify if there were more than one distinct reservoir of 26Al 

and their spatial extent. Proper identification of the causes for the presence of distinct
i

reservoirs of 26Al will enhance our understanding of mixing scale lengths of dust and gas 

in the evolutionary epoch of the solar nebula or vice versa.

The story of 41 Cq has just begun, and it is necessary to study a large number of CAIs 

to establish its presence on a firm footing. The important Ca-rich phases e.g. hibonite and 

perovskite, which are less abundant in CAIs from CV meteorites but more abundant in CM 

meteorites, could not be studied in detail in this work. These phases are probably better 

candidates than pyroxenes for such studies. Enstatite chondrites which have formed in a 

reducing environment have an important phase, oldhamite (CaS), this may also be suitable 

for K-Ca isotopic studies.

The list of possible short-lived radionuclides whose presence in the early solar system 

has been established is far from complete. Although the presence of 60Fe has been estab­

lished in differentiated meteorites, its presence in CAIs or chondrules is yet to be confirmed 

experimentally due to the lack of Fe-rich Ni-poor phases in these objects. If the secondary
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alteration processes affecting the CAIs took place rather early in the history of the solar 

system the Fe-rich altered phases in CAIs ( e.g. hedenbergite, garnet, hereynite) may be 

good candidates for such studies. In addition, one can also analyze Fe-rich olivine grains 

in chondrules. Presence of "Tc (t\/2 ~ 0.2Ma) and 36Cl (ti/2 ~ 0.3Ma) which decay to 

"Ru and 36Ar respectively, is yet to be conclusively established. A hint for the presence of 

"Tcin the early solar system was reported by Yin et al. (1992) in the Marlinga meteorite. 

Since "Tc and 36Cl have halflives more than twice that of 41 Ca they should have been 

present in the early solar system at the time of CAI formation. The presence of "Tcin AGB 

stare undergoing thermal pulsations is well established. Therefore, excess "Rudue to "Tc 

decay in primitive objects will provide strong experimental evidence in favour of the recent 

proposal that a single AGB star was a major contributor of several short-lived radionuclides 

to the solar nebula (Wasserburg et al., 1994). Further, it would be interesting to investigate 

the production rates of 41 Ca and 36Cl in AGB,stars. Another important question is whether 

the contribution of short-lived radionuclides to the solar nebula was from a single source 

or multiple sources over a long period of time. The currently available data on 26Al and 

60Fe favour a single injection (Wasserburg et al. 1994). Presence of 41 Ca, and "Tcand 36Cl 

(if proven) will provide rigorous constraint in this regard. While both thermal ionization 

mass spectrometer and ion microprobe will play significant role in our future endeavour 

to understand the formation and early evolution of the solar system, higher resolution 

ion microprobe than presently available will probably be best suited for further studies of 

refractory microphases from primitive meteorites.
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