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Chapter 1

Introduction

The solar system formed about 4.56 billion years (Ga) ago due to the gravitational col-

lapse of a fragment of interstellar molecular cloud composed of interstellar gas and dust.

The elemental/isotopic composition of this cloud fragment (the proto-solar cloud) was

established by input of material synthesized and ejected to interstellar medium by vari-

ous stellar sources that include, AGB (asymptotic giant branch) and Wolf-Rayet stars,

supernova, nova etc. The proto-solar cloud collapsed to form the solar nebula with the

Sun at its center. As the nebula cooled down, micron-sized grains condensed from repro-

cessed nebular gas and dust. These grains coagulated to form millimeter to centimeter

size objects as they spiral down to the mid plane of the nebula under the influence of

gravitational field of the proto-sun. These objects in turn, coalesced to form meter-sized

bodies whose accretion, triggered by gravitational perturbations, led to the formation

of few kilometers to tens of kilometer-sized planetesimals, the building blocks of plan-

ets. Various models proposed for the evolution of the solar nebula and the formation of

planetesimals are reviewed by Wood and Morfill (1988), Weidenshilling (1988). To get

insight into these early stages of evolution of the solar system, it is necessary to under-

stand the physico-chemical processes operating during the various stages of evolution

and their associated time scales. Meteorites serve as a unique tool to understand some
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of these aspects. Meteorites are mostly derived from asteroids because of recent (the

last few tens of million years) collisions among these bodies. Unlike the Earth and the

Moon, parent bodies of some meteorites, particularly, the primitive carbonaceous chon-

drites have not experienced any drastic reprocessing during their entire evolution that

could have resulted in large scale thermal processing in them. Some of these primitive

meteorites have very specific mineral phases with distinct chemical and isotopic com-

positions that reflect primordial signatures of some of the early solar system processes.

In-depth study of these phases helps to unravel the early evolution of the solar system.

1.1 Isotopic Anomalies and Early Solar System Phases

Isotopic analyses of stable and short-lived nuclides in primitive meteoritic phases have

played a vital role in understanding the early solar system processes. In addition, it has

provided new information on distinct nucleosynthetic components that contributed to

the initial mix of material representing the solar nebula (Woolum, 1988; Clayton, 1988;

Lee, 1988; Podosek and Swindle, 1988). The basic approach in these studies is to measure

isotopic composition of diagnostic elements in primitive meteorite phases, and look for

departures from “normal” isotopic composition measured in “standard” samples. The

standards usually considered are well-processed samples, e.g., terrestrial analog phases.

Departures in isotopic compositions of meteorite phases from normal values are termed

as isotopic anomalies and could result from several sources. The most prominent sources

of isotopic anomalies are: (1) radiogenic (in situ decay of radionuclides), (2) cosmogenic

(production by energetic particle interactions), (3) nuclear (residual signatures of specific

nucleosynthetic component present in the solar nebular mix that got incorporated into

the early solar system phases).
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Table 1.1 Condensation sequence of refractory phases and
their abundance (%) in CAIs

Condensation Minerals CV† Meteorites CM‡ Meteorites

∗T(oK) Types Hibonite Spinel
A B C rich rich

1758 Corundum - - - Trace -
Al2O3

1748 Hibonite ≤ 5 - - 5-85 -
CaAl12O19

1647 Perovskite 1-3 - - 1-10 1-20
CaTiO3

? Fassaite low 30-60 18-34 0-5 -
Ca(Mg,Al,Ti)
(Si,Al)2O6

1625 Melilite ≥ 75 5-20 0-25 - -
Ca2Al2SiO7-
Ca2MgSi2O7

1513 Spinel 5-20 15-30 2-12 10-80 60-90
MgAl2O4

1450 Diopside - - - 2-5 2-5
CaMgSi2O6

1360 Anorthite - 5-25 45-60 - -
CaAl2Si2O8

∗From Grossman (1972) and Grossman and Clark (1973).
† Carbonaceous chondrites belonging to the Vigarona type.
‡ Carbonaceous chondrites belonging to the Mighei type.

Most of the isotopic anomalies detected in primitive meteorites are found in cer-

tain refractory objects, the so-called Calcium-Aluminum Inclusion (CAI). The CAIs

consist of oxides and silicates of refractory elements (e.g., Ca, Al, Ti, Mg), and occur

in trace amounts in carbonaceous chondrites (MacPherson et al., 1988). These phases

represent some of the earliest formed solar system solids. This can be inferred from their

mineralogy and chemistry that resemble the thermodynamic model based predictions for

the earliest solid phases that would condense in solar nebula with a high initial tem-

perature (≥ 1500oK). The expected condensation sequence of refractory minerals in the
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solar nebula at 10−3 atmospheric pressure (Grossman, 1972) is shown in Table 1.1 along

with the dominant mineral species observed in CAIs in carbonaceous chondrites. The

primitive nature of CAIs could also be inferred from their radiogenic ages. For example,

the Pb-Pb age of 4.566 ± 0.002 Ga for CAIs from the Allende meteorite (Manhès et al.,

1988) make them the oldest dated material in the solar system. Detailed chemical and

petrographic study of CAIs, however, show deviations in their mineral assemblage from

the ideal condensation sequence. Presence of both high and low temperature phases

within individual CAIs have also been found showing their complex formation history.

Various processes like evaporation, condensation, melting, re-crystallization that could

have been involved in CAI formation are suggested to explain these observations and/or

their alteration in nebular environment. Because of such complex evolution, the sig-

natures of the nebular processes incorporated into the CAIs might have got distorted.

However, studies of appropriate CAIs that do not show signatures of secondary alter-

ations can provide extremely useful information about early solar system processes.

The Ca-Al-rich refractory inclusions (CAIs) are host to a variety of stable isotopic

anomalies (Lee, 1988). These range from enrichment of the neutron-rich isotopes of

Ca, Ti and Cr (i.e., 48Ca, 50Ti and 54Cr) to isotopic anomalies in Sm, Nd, Ba and

Sr. While the enrichment of neutron-rich stable isotopes suggests the presence of a

neutron-rich nucleosynthetic component in the solar nebula, the isotopic anomalies in

the heavy elements could be due to the presence of supernova nucleosynthesis products.

In addition, one of the most widespread stable isotope anomalies in meteorites is that

of oxygen. A component enriched in 16O, which has undergone mixing with normal and

a 16O poor component, has been found to be present in various meteorites (Clayton,

1993).

The presence of abundant stable isotopic anomalies in primitive meteoritic phases

has offered a rare insight into various nucleosynthetic processes that contributed to the
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initial solar nebula mix. It has also provided valuable information about the presolar

environment of the molecular cloud from which the solar nebula evolved. The oxygen

isotopic anomalies in different meteorite types have provided useful knowledge about

early solar system processes. However, the study of stable isotopic anomalies does not

give any insight into the time scale of processes starting with the collapse of the molecular

cloud fragment, to the formation of planetesimals. The information regarding these time

scales has come from the study of radiogenic isotopic anomalies in primitive meteorite

phases that resulted from in situ decay of now-extinct short-lived nuclides, e.g., 26Al (τ

∼ 1 Ma).

1.2 Short-lived Nuclides in the Early Solar System

The first short-lived, now extinct radionuclide, whose one time presence could be inferred

in meteorites is 129I (mean life, τ ∼ 23 Ma; Jeffery and Reynold, 1961). This was followed

by the discovery of 244Pu(τ ∼ 118 Ma) in several meteorites (Rowe and Kuroda, 1965)

and then of 26Al (τ ∼ 1 Ma) in CAIs from carbonaceous chondrites (Lee et al., 1976).

The one time presence of the short-lived nuclides in meteoritic phases is inferred on the

basis of excess found in their daughter nuclide abundance over the normal value. For

example, the presence of 26Al in CAIs is inferred based on excess found in its daughter

nuclide 26Mg over its normal abundance. This excess is attributed to in situ decay of 26Al

in these phases if the observed excess also correlates with the concentration of the parent

element (27Al, here) in the analyzed phases. The radionuclide with shortest mean life

whose presence in CAIs has been detected is 41Ca (τ ∼ 0.15 Ma; Srinivasan et al., 1994,

1996). In Table 1.2, we show a list of short-lived nuclides whose presence in meteorites

has been established. Studies of these short-lived nuclides have provided a wealth of

information regarding the formation and early evolution of solar system, particularly,

the time scale of processes that took place within the first few millions to few tens of
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million years.

Table 1.2 Short-lived nuclides in the early solar system

Initial Stellar†

Radionuclide Mean life (τ) Daughter Abundance ⋄[References] Production
Million years Nuclide Analyzed phases Site

41Ca 0.15 41K 41Ca/40Ca = 1.5 × 10−8 [1] S A W
CAIs

36Cl 0.43 36Ar 36Cl/35Cl = 1.4 × 10−6 [2] S A
CAI, Silicates

26Al 1.07 26Mg 26Al/27Al = 5 × 10−5 [3] S A W
CAIs

60Fe 2.2 60Ni 60Fe/56Fe = 0.4-3.9 × 10−9 [4] S A
Eucrites

53Mn 5.3 53Cr 53Mn/55Mn = 3.1-3.6 × 10−6 [5] S
Eucrites

53Mn/55Mn = 4.4 × 10−5 [6]
CAIs

107Pd 9.4 107Ag 107Pd/108Pd = 2.0 × 10−5 [7] S A W
Iron meteorites

182Hf 13 182W 182Hf/180Hf = 8-80 × 10−6 [8] S A
182Hf/180Hf ≥ 2.4 × 10−4 [9]

Chondrite and
Iron meteorites

129I 23.1 129Xe 129I/127I = 1.0 × 10−4 [10] S
Bulk chondrite

244Pu 118 α, SF‡ 244Pu/238U = 4-7 × 10−3 [11] S
Bulk chondrite

† S = Supernova; A = AGB star and W = Wolf-Rayet star
‡ SF : Spontaneous fission products
⋄References: [1] Srinivasan et al. (1994). [2] Murty et al. (1995, 1997).
[3] Lee et al. (1976). [4] Shukolyukov and Lugmair (1993a, b). [5] Lugmair et al. (1995).
[6] Birck and Allegre (1985). [7] Kelly and Wasserburg (1978). [8] Harper et al. (1991).
[9] Lee and Halliday (1996). [10] Jeffery and Reynold (1961). [11] Rowe and Kuroda (1965).

The primary emphasis of the present work is to study the records of the two

shortest-lived, now extinct radionuclides, 41Ca and 26Al in early solar system phases.

In the subsequent sections, the role of these two short-lived nuclides as chronometer of

early solar system processes, and their plausible sources are discussed. In addition, the
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plausibility of 26Al as a heat source for thermal processing of meteorite parent bodies is

considered.

1.3 41Ca and 26Al as Chronometers of Early Solar

System Processes

Until recently, 26Al was known as the shortest-lived radionuclide (τ ∼ 1 Ma) whose

widespread presence in CAIs has been established conclusively (Lee et al., 1976; Wasser-

burg, 1985; Podosek et al., 1991; Goswami et al., 1994; MacPherson et al., 1995). Al-

though, the measured value of initial 26Al/ 27Al in CAIs varies over a wide range (0 to

5 × 10−5; Fig. 1.1), an initial 26Al/ 27Al in the solar nebula at the time of formation of

the CAIs is believed to be uniform with a value of 5 × 10−5. The lower values for initial

26Al/27Al, found mostly in petrographically altered CAIs, are attributed to secondary

alterations that resulted in exchange/redistribution of magnesium isotopes in these ob-

jects. If we assume a stellar source for the 26Al present in the solar nebula and the

theoretically calculated production ratios of 26Al/27Al in various nucleosynthetic sites,

the time scale for the formation of CAIs can be estimated to be 3-10 Ma. This time scale

refers to the duration between the last injection of 26Al to the solar nebula from one of

the various plausible nucleosynthetic sites, e.g., stars evolving through asymptotic giant

branch (AGB) phase, novae, supernova or Wolf-Rayet stars, and the formation of CAIs.

The spread in the deduced time scale reflects the variation in the production ratios of

26Al/ 27Al in these stellar sources, and also uncertainties in estimating the extent of

dilution of the freshly synthesized material with pre-existing nebular material devoid of

26Al. Obviously the most stringent constraint on this time scale will be placed by the

shortest-lived nuclide and a search was on to look for nuclides with mean life shorter

than 26Al, e.g., 41Ca (τ ∼ 0.15 Ma), 99Tc (τ ∼ 0.29 Ma) and 36Cl (τ ∼ 0.43 Ma). With

the recent discovery of 41Ca (τ ∼ 0.15 Ma) in Efremovka CAIs by Srinivasan et al.
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Figure 1.2: Potassium isotopic ratio (41K/39K plotted as function of 40Ca/39K for refrac-
tory pyroxene (Pyx) phases in Efremovka CAI. The data yield an initial value of (1.5 ±

0.3) × 10−8 for 41Ca/40Ca (Figure taken from Srinivasan et al., 1994).
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(1994), a new chapter in the study of short-lived nuclides has begun.

Several attempts have been made earlier to look for the one time presence of the

short-lived nuclide, 41Ca in Allende CAIs (Begemann and Stegmann, 1976; Huneke et

al., 1981; Stegmann and Specht, 1983; Hutcheon et al., 1984). Most of these attempts

were not successful, even though Hutcheon et al. (1984) suggested an upper limit of (8 ±

3) × 10−9 for the initial 41Ca/40Ca at the time of formation of two Allende CAIs, namely,

EGG3 and 3529Z. In recent studies conducted by Srinivasan et al. (1994), a clear excess

in 41K, that can be attributed to the decay of 41Ca, was found in refractory phases of

several CAIs from the carbonaceous chondrite, Efremovka. An initial 41Ca/40Ca value

of ∼ 1.5 × 10−8 at the time of formation of these phases was inferred from the data (Fig.

1.2). The presence of 41Ca (τ ∼ 0.15 Ma) in Efremovka CAIs suggests that the time

interval between the injection of freshly synthesized 41Ca to the solar nebula and the

formation of the CAIs could not have been more than 1 Ma. In the following section, I

present a brief review of the various scenarios proposed for the production of short-lived

nuclides present in the early solar system.

1.4 Source(s) of Short-lived Nuclides Present in the

Early Solar System

To infer the time scale for the formation of some of the early solar system objects

(e.g., CAIs), following the collapse of the proto-solar cloud, we need to know the initial

concentration of the short-lived nuclides both in the proto-solar cloud and the CAIs.

The presence of short-lived nuclides in the proto-solar cloud could be either due to

injection of freshly synthesized material from specific stellar sources (e.g., AGB and

Wolf-Rayet stars, nova, supernova, etc.) or due to energetic particle induced reactions

in the molecular cloud complex of which proto-solar cloud fragment was a part. Stellar

nucleosynthesis theories provide reasonable estimates of the expected initial amount of
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these short-lived nuclides (Srinivasan et al., 1996 and references therein), and detailed

calculations have been performed recently that provide estimate for energetic particle

induced production of these nuclides in a molecular cloud complex (Ramaty et al., 1996).

It is therefore possible to obtain the time scale for the formation of some of the early solar

system phases from measurements that allow estimation of the initial concentrations of

the short-lived nuclides in them. In fact studies of isotopes with mean lives > 2 Ma (e.g.,

60Fe, 53Mn, 107Pd, 129I) in meteorites have also provided information on the time scales

for the formation of the planetesimals (meteorite parent bodies) and their subsequent

differentiation. There are however several factors that need careful considerations in

this regard. One of them being the identification of the exact stellar source that is

responsible for the injection of one or more short-lived nuclides present in the proto-

solar cloud. Another is the dilution of the freshly synthesized stellar material with

pre-existing material of normal isotopic composition present in the proto-solar cloud

(Cameron, 1993; Wasserburg et al., 1994). In the case of energetic particle irradiation,

the plausible sources of the energetic particles, their intensity, composition and spectral

shapes are some parameters that are difficult to ascertain with confidence. Finally, in

either of the scenario, we have to assume a uniform initial abundance of radionuclide in

the solar nebula, at least in the region of meteorite (CAI) formation.

Although the role of short-lived nuclides as chronometer of early solar system

processes is now widely accepted, it should be noted that there are alternate models

that attempt to explain their presence without any chronological significance. The fore-

most among these is the “fossil” hypothesis proposed by Clayton in a series of papers

(Clayton, 1977, 1982, 1986). In this model the decay of short-lived nuclides took place

in interstellar grains that had preferentially incorporated such nuclides in their stellar

formation sites. The possible presence of excess 41K of “fossil” origin in refractory inclu-

sions of primitive meteorites, which would enhance the 41K/39K ratio in these objects

above the normal solar system value, was specifically noted by Clayton (1977). The
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proposed scenario involves the formation of refractory condensates (stardust) in stel-

lar environment (e.g., supernova envelope) that are 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 41Ca 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 can inherit excess 41K from the stellar condensates. A similar argument

can be made for the presence of excess 26Mg in refractory inclusion that is due to decay

of 26Al. Obviously in this scenario the isotopic anomaly cannot provide any information

on early solar system chronology. Another proposal that attempts to explain the pres-

ence of short-lived nuclides in early solar system phases, attributes their production to

energetic particle irradiation of material in the solar nebula from an active early Sun.

Several variations of this model have been proposed that include irradiation of the neb-

ular gas as well as gas and dust, and the CAIs themselves (Heymann and Dziczkaniec,

1976; Heymann et al., 1978; Clayton et al., 1977; Lee, 1978; Kaiser and Wasserburg,

1983; Clayton and Jin, 1995; Shu et al., 1996). Obviously, in such a scenario it will be

difficult to extract chronological information of early solar system processes. However,

if true, it could provide us useful information on the activity of the early Sun.

In the present work, I am mainly concerned with the study of the records of

the two short-lived nuclides, 41Ca and 26Al in CAIs and refractory phases from several

primitive meteorites which may allow us to infer their most plausible source. In the fol-

lowing, a summary of various stellar sources and energetic particle irradiation scenarios

that are proposed to be the sources of the short-lived nuclides in the early solar system

is presented.
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1.4.1 Nucleosynthetic origin of short-lived nuclides

In the nucleosynthesis scenario, short-lived nuclides found in early solar system phases,

begin their journey from inside star(s) where they are produced by nuclear reactions

during various stages of stellar evolution. During the final stages of the evolution of a

star, it sheds away its mass and some of the freshly synthesized nuclides, injected into the

interstellar medium can find their way into the proto-solar cloud. If this proto-solar cloud

collapses to form the Sun and early solar system phases within a time scale comparable

to the mean lives of these radionuclides, there is a chance that these radionuclides will

be incorporated ‘live’ into the early-formed phases and will later manifest themselves in

the form of observed excesses in their daughter nuclides abundances within these phases.

The plausible stellar sources that can synthesize short-lived nuclides, 41Ca and

26Al are: low mass (ZAMS ∼ 3 M⊙, where ZAMS stands for Zero-Age Main Sequence

and M⊙ denotes one solar mass) stars evolving through the AGB phase, Wolf-Rayet stars

(ZAMS ≥ 40 M⊙), nova and supernova of type I and II. While 53Mn can be produced

only by supernova, 107Pd is mostly produced by AGB or Wolf-Rayet star, although there

could be some contribution from supernova synthesis (Table 1.2).

Thermally Pulsing Asymptotic Giant Branch (TP-AGB) star

The most detailed work on nucleosynthesis of short-lived nuclides to explain their pres-

ence in the early solar system has been done on thermally pulsing AGB stars (Wasserburg

et al., 1994, 1995). These are 1 to 3 M⊙ evolved stars that have an inert carbon and

oxygen degenerate core surrounded by a helium rich and a hydrogen rich shell with an

extended convective envelope (Iben and Renzini, 1983; Iben, 1985; Lattanzio, 1995).

The energy source for these stars at this stage of evolution is alternating burning of he-

lium and hydrogen in their shells, respectively. During the He burning phase, neutrons
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can be released by alpha capture on 13C and/or on 22Ne via the reactions, 13C(α,n)16O

and 22Ne(α,n)25Mg. These neutrons interact with seed nuclei present in the shell to syn-

thesize different nuclides via the slow neutron capture process (s- process). The main

s-process component nuclei of the solar system are considered to be synthesized in this

manner (Käppeler et al., 1990).

As a result of alternate burning of He and H shells, the AGB star undergoes

a repeated phases of thermal pulsations. The thermal pulsations lead to dredge up

of matter from He and H shell to the convective envelope because of which the newly

synthesized material from the He and H shell is mixed with the convective envelope and

can be ejected out of the star in the form of stellar winds. The process of dredge up and

mixing is repeated for a number of times until finally the star looses most of its envelope

in the form of a planetary nebula and the remnant turning into a white dwarf.

A self-consistent model for the production of short-lived nuclides, 41Ca, 26Al, 60Fe

and 107Pd has been worked out in detail by Wasserburg et al. (1994, 1995) to explain

the measured abundance of these nuclides in early solar system phases. A 3 M⊙ AGB

star appears to be a good candidate to account for the meteorite observations. 41Ca will

be synthesized by neutron capture on 40Ca by the 40Ca(n,γ)41Ca reaction along with

107Pd and 60Fe in the He shell during He burning, whereas, 26Al is synthesized during

H burning by the reaction, 25Mg(p,γ)26Al. While the possibility of stellar wind from an

AGB star initiating the collapse of the proto-solar cloud has been proposed (Cameron,

1993), the probability of association of a TP-AGB star and the proto-solar cloud if not

impossible, appears to be rather small based on observational data for the current epoch

(Kastner and Myers., 1994).
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Wolf-Rayet star

The possible contribution of short-lived nuclides by Wolf-Rayet star to the solar nebula

has been considered by Dearborn and Blake (1985, 1988). Wolf-Rayet stars are massive

(ZAMS ≥ 40 M⊙) stars that suffer very high mass loss rate of 10−6 - 10−4 M⊙/yr followed

by loss of its envelope. These stars go through core H burning followed subsequently by

core He burning (Maeder, 1983). The burnt out regions of H, followed by He are exposed

and ejected successively in WN and WC phases, respectively. The nuclei ejected in WN

phase have been subjected to H burning via CNO, Na-Ne and Mg-Al cycles, and are

thus rich in nitrogen, whereas, WC phase contain products of triple alpha (He burning)

reaction. The broad emission spectral lines of nitrogen and of carbon and oxygen with

corresponding widths of about 1000-2000 km/s, respectively, characterize the WN and

WC phases.

Calculations were carried out for Wolf-Rayet stars of masses 50, 100, 150 M⊙

(Dearborn and Blake, 1988). 26Al is synthesized in these stars during core H burning and

41Ca along with 107Pd are synthesized by neutron-capture reactions during He burning.

Supernova

The possible contribution of the short-lived nuclide, 26Al by supernova has been esti-

mated by Truran and Cameron (1978), Arnett and Wefel (1978), Woosley and Weaver

(1980). A detail calculation on the evolution of stars of different masses (11-30 M⊙)

and associated nucleosynthesis has been carried out recently by Woosley and Weaver

(1995). Besides the production of short-lived nuclides, supernova explosion has also

been proposed as a triggering mechanism for the gravitational collapse of the proto-

solar molecular cloud (Cameron and Truran, 1977). Such an explosion is a common

phenomenon in many star forming regions, particularly, in OB associations. Over a
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time scale of few million years, massive star evolves and finally ejects most of its mass

in a supernova explosion of type-II. The shock wave associated with the ejecta from

these explosions can trigger star formation in surrounding dense molecular cloud. Thus,

the production of short-lived nuclides as well as gravitational collapse of the proto-solar

cloud could be a coupled phenomenon, with a supernova as the source.

During their evolution, massive stars (ZAMS ≥ 8 M⊙) undergo a series of suc-

cessive thermonuclear core burning of the fuel generated at the previous stage of its

evolution. This leads to the formation of an iron core in the end. As further burning is

endothermic, and photodisintegration and energy loss via neutrino emission dominates

at this stage (core temperature 5 × 109 oK), the core collapses. This triggers explosion

inside the star as a result of ‘core-bounce’ mechanism. Before this explosion, the core

is surrounded by a series of shells of different thermonuclear debris. At the time of

explosion, the outward moving shock wave can heat up these shells to higher tempera-

tures because of which the thermonuclear burning will take place in the different shell

at an enhanced rate for a small period, the so-called ‘explosive’ nucleosynthesis. Finally,

the outward moving shock ejects stellar matter into the interstellar medium at very

high velocities. The ejecta will contain freshly synthesized material from hydrostatic

thermonuclear and explosive nucleosynthesis. 26Al is produced during explosive neon,

carbon and hydrogen burning by the 25Mg(p,γ)26Al reaction, whereas, 41Ca is produced

during oxygen and silicon burning.

1.4.2 Cosmogenic origin

Production of nuclides in the early solar system by energetic particles from an active early

Sun was first suggested by Fowler et al. (1962). Following the discoveries of anomalies

in stable isotopes and those related to short-lived nuclides in meteoritic phases, similar

proposals have been revived to explain the isotopic anomalies. Cosmogenic production
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of nuclides can take place in the gas or in the dust phase in the nebula or in the proto-

solar cloud due to interactions of energetic particles (> few MeV/n). The two different

astrophysical settings proposed for such an irradiation are (i) Molecular cloud complex

of which the proto-solar cloud was a part, and (ii) the solar nebula.

Most of the work carried out on cosmogenic production of nuclides in the proto-

solar cloud was motivated by recent discovery of the cosmic-ray induced gamma-ray

lines from Orion molecular cloud complex, a very active star formation region at present.

Bloemen et al. (1994) observed broad γ-ray emission lines in the 3-7 MeV range using

space-borne COMPTEL telescope and attributed their presence to de-excitation of 12C∗

and 16O∗ at 4.44 MeV and 6.13 MeV, respectively. They proposed that enhanced flux of

energetic (∼ 10 MeV/n) carbon and oxygen particles can interact with ambient hydrogen

and helium of the molecular cloud to produce the excited nuclear states. The low-energy,

heavy energetic particles can originate from various stellar sources, e.g., ejecta from

evolved stars like Wolf-Rayet stars, supernova, and/or newly born low-mass stars going

through high mass loss rate during their T Tauri phase. As dense molecular clouds

are active star forming regions, one would expect low-energy, heavy ion cosmic rays

from all these stellar sources. Clayton (1994) extended these arguments to explain the

production of short-lived nuclides that were found to be present in the early solar system

by assuming the proto-solar cloud to be a part of such a cloud complex. In a qualitative

manner, he could explain the cosmogenic production of 26Al in such a setting to explain

the meteorite observations.

A detailed analysis of cosmogenic production of short-lived nuclides, 26Al, 41Ca

and 53Mn in a molecular cloud complex was carried out by Ramaty et al. (1996). In their

model, low-energy, heavy ion cosmic rays (20-25 MeV/n) from various stellar sources can

explain the origin of γ-rays observed in Orion molecular cloud complex and are capable

of producing light isotopes of Li, Be, and B as well as the radionuclides, 26Al, 41Ca and
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53Mn. However, it was found that production of 26Al to match the meteoritic observation

leads to overproduction of 6Li, 9Be, 41Ca and 53Mn.

The “local” irradiation models proposed to explain isotopic anomalies in me-

teorite phases invoke an active early Sun going through T Tauri phase. During this

pre-main sequence phase, the Sun like stars undergo high mass loss rates of about 10−7

M⊙/yr and are also associated with enhanced emission of energetic particles as can be

inferred from the observed enhanced emission of X-ray and ultraviolet radiation (≥ 10

eV) from T Tauri stars (Walter and Barry, 1991; Feigelson et al., 1991).

Some of the early attempts to explain the observed excess of 22Ne and 16O in

various meteorite phases invoked proton irradiation from an active early Sun (Herzog,

1972; Audoze et al., 1976). A time averaged proton flux of more than 104-106 times

the contemporary flux was found to be necessary to produce the observed excesses. In

subsequent models (Heymann and Dziczkaniec, 1976; Heymann et al., 1978; Clayton et

al., 1977; Lee, 1978; Kaiser and Wasserburg, 1983; Shu et al., 1996) for cosmogenic origin

of 26Al, solar energetic particle irradiation of both nebular gas and dust was discussed.

Most of these models require very specific energetic particle spectra to generate the

observed 26Al excess in meteoritic phases. Wasserburg and Arnould (1987) discussed

production of both 26Al and 53Mn, whereas, Clayton and Jin (1995) considered 26Al and

41Ca production due to interaction of energetic particle from Sun as well as anomalous

cosmic rays. Clayton and Jin (1995) and Shu et al. (1996) also tried to couple the

cosmogenic production of radionuclides with various nebular processes leading to the

formation of the CAIs and chondrules.

As a part of my thesis work, I have carried out a detailed calculation of production

of 26Al, 41Ca, 36Cl and 53Mn in CAI precursor solids of chondritic (CI) composition by

energetic particle from an active early Sun. The results of these calculations discussed

in chapter 5 show that co-production of all the nuclides and particularly 26Al and 41Ca,
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to match the meteorite observations is not possible.

1.5 26Al as a Heat Source of Planetesimals in the

Early Solar System

The parent bodies of meteorites of different types have experienced varying degrees of

physical and chemical processing following their formation. These are summarized in

Table 1.3. Evidence for such processing comes from chemical and petrographic studies

of meteorites belonging to different types. For example, there is abundant petrographic

evidence for large scale aqueous alteration in the parent bodies of primitive carbonaceous

chondrites very early in their evolutionary history (Zolensky and McSween, 1988). The

parent bodies of the ordinary and enstatite chondrites have suffered varying degrees of

thermal metamorphism (McSween et al., 1988), whereas, those of the achondrites, stony

iron and iron meteorites have undergone extensive differentiation following complete or

partial melting (Hewins and Newsom, 1988). The thermal metamorphism in chondritic

parent bodies suggests temperatures of 400-950oC, whereas, melting of the parent bodies

of differentiated meteorites requires temperature more than 1000oC. The formation of

meteorite parent bodies of a few tens to a few hundred kilometers in size, and their

subsequent thermal processing took place very early in the history of the solar system,

perhaps within the first few tens of million years. This inference is based on the formation

ages of Ca-Al-rich refractory inclusions (CAIs) in primitive carbonaceous chondrites,

some of the earliest solar system solids, and of thermally metamorphosed chondrites

and differentiated meteorites (Chen and Wasserburg, 1981; Manhès et al., 1987; Göpel

et al., 1989; Göpel et al., 1991; Tera et al., 1989; Lugmair and Galer, 1992). Based

on the studies of extinct nuclide (60Fe, 53Mn) records in two differentiated meteorites,

Juvinas and Chevorny Kut, Lugmair et al. (1995) have recently suggested that this time

interval could be less than 6 Ma.
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Several mechanisms have been proposed for heat generation in meteorite parent

bodies that could have induced thermal processing during their early evolutionary history

(Wood and Pellas, 1991). The most important among these are: (i) Energy produced due

to decay of short-lived nuclides initially present in meteorite parent bodies (Urey, 1955).

(ii) Electromagnetic induction heating of meteorite parent bodies by strong proto-solar

winds (Sonett and Colburn, 1968; Sonett, 1969).

Table 1.3 Secondary alterations in meteorite parent bodies

Aqueous Alteration Thermal metamorphism Igneous Activity
(< 100oC) (400 - 950oC) (> 1000oC)

Petrographic Type
1 —- 2 —- 3- -3 — 4 — 5 — 6

CI† CM ——- Ordinary chondrites Achondrites, Iron
— [CO‡, CV] Enstatite chondrites and stony-iron meteorites

Carbonaceous chondrites

† Carbonaceous chondrite belonging to Ivuna type
‡ Carbonaceous chondrite belonging to Ornans type

Strong solar winds with associated enhanced magnetic fields from the pre-main

sequence Sun going through the T Tauri phase can induce high electric currents in

meteorite parent bodies. Because of this induction, the temperature inside the body

will increase due to Joule heating. This model is discussed in detail by Herbert (1989)

and Herbert et al. (1991) who suggested that heat generated by this mechanism is

sufficient to explain thermal processing of meteorite parent bodies. However, this model

assumes certain input parameters associated with the nature of T Tauri stars that are

difficult to substantiate. Further, the question of whether Sun had gone through a highly

active T Tauri stage is also not fully resolved, although there is some meteoritic evidence

that suggests an active early phase of Sun (Caffee et al., 1991).

Urey (1955) proposed that radioactive nuclide, particularly the short-lived nuclide
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26Al (τ ∼ 1 Ma), could be an effective heat source of meteorite parent bodies. The choice

of any particular short-lived nuclide as a plausible heat source for meteorite parent bodies

is based on the requirement that the mean-life of the radionuclide should be comparable

to the heat conduction time scale, which is of the order of 106 - 108 years for chondritic

bodies of sizes 10 - 100 km (Scott et al., 1989). Thus the presence of short-lived nuclide

like 26Al in meteorite parent bodies in sufficient amount can lead to generation and

accumulation of heat within the body that can result in thermal processing. The other

constraint, as already noted is the time scale available for heating of meteorite parent

bodies which is of the order of few tens of a million years. The prime candidates that

appear to satisfy these constraints are 26Al (τ ∼ 1 Ma) and 60Fe (τ ∼ 2.2 Ma).

The case for 26Al as a potential heat source for meteorite parent bodies has been

strengthened by the observation of 26Mg excess in CAIs that provide strong evidence

for the presence of 26Al in the early solar system (Lee et al., 1976; Wasserburg, 1985).

Studies of CAIs suggest a nearly uniform initial 26Al/27Al value of 5 × 10−5 at the

time of CAIs formation (MacPherson et al., 1995). If the meteorite parent bodies also

evolved with a similar initial 26Al/27Al, it could have caused widespread incipient melting

of these bodies. However, CAIs are primarily found in carbonaceous chondrites where

it constitutes < 5 % by volume of bulk meteorite. Thus to ascertain the role of 26Al

as a heat source, one must find evidence for its one time presence in non-refractory

phases, specifically, phases that are definite product of large scale melting or thermal

metamorphism.

Several attempts have been made to establish the one time presence of 26Al in non-

refractory phases by looking for 26Mg excess in phases that have gone through igneous or

thermal metamorphic processes (Schramm et al., 1970; Hutcheon and Hutchison, 1989;

Bernius et al., 1991; Kennedy et al., 1992; Zinner and Göpel, 1992; Hutcheon et al., 1994;

Hutcheon and Jones, 1995; Sahijpal et al., 1994, 1995; Russell et al., 1996). The analyzed
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phases include achondrites, igneous clasts found in undifferentiated meteorites, feldspar

from various chondrites and igneous inclusions found in iron meteorites. In addition,

Al-rich phases in meteoritic chondrules have also been analyzed to look for the presence

of 26Al at the time of chondrule formation that took place after the CAIs, but prior to

the formation of meteorite parent bodies (Grossman et al., 1988). No definite hint for

the presence of 26Al was found in these studies except in three cases. These include: (1)

an igneous clast from the unequilibrated chondrite, Semarkona with an initial 26Al/27Al

of (7.7 ± 2.1) × 10−6 (Hutcheon and Hutchison, 1989), (2) feldspar grains from the H4

chondrite, Ste. Marguerite meteorite with an initial 26Al/27Al of (2.0 ± 0.6) × 10−7

(Zinner and Göpel, 1992), and (3) the recent observation in Al-rich chondrules from

unequilibrated ordinary chondrites, Inman and Chainpur with initial 26Al/27Al values

of (9.4 ± 6.3) × 10−6 and (7.9 ± 2.7) × 10−6, respectively (Russell et al., 1996). While

the initial 26Al/27Al, inferred in the first case is sufficient to cause incipient melting in

chondritic parent bodies, the initial 26Al abundance in Ste. Marguerite feldspar grains

suggests possibility of thermal metamorphism. The lower value of 26Al/27Al in the case

of two chondrules from Inman and Chainpur compared to CAIs could be interpreted

as due to a time lag between the formation of CAIs and chondrules, and suggests that

these values could be the upper limit of initial 26Al/27Al in meteorite parent bodies.

The role of the short-lived nuclide, 60Fe as a plausible heat source was suggested

recently by Shukolyukov and Lugmair (1993a, b). They found 60Ni excess in the differen-

tiated meteorites, Juvinas and Chevony Kut, which could be attributed to in situ decay

of 60Fe in these meteorites. These meteorites are definite product of large scale melting

and recrystallization in their parent bodies. Based on the observed differences in the

60Ni excess in these two meteorites, which these authors attributed to a time difference,

an initial 60Fe/56Fe value of 1.6 × 10−6 was inferred at the time of CAI formation. This

amount of 60Fe is sufficient to induce melting in meteorite parent bodies having ∼ 25

weight percentage of iron, typical of H-chondrite. However, recent studies of 53Mn (τ
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∼ 5.3 Ma) decay records in these meteorites by the same group (Lugmair et al., 1995)

showed that formation time of both these meteorites is nearly the same, and led to a

downward revision of initial 60Fe/56Fe at the time of CAI formation to ∼ 1.6 × 10−8.

This value is too low and rules out 60Fe as a plausible heat source of meteorite parent

bodies.

1.6 The Aim of the Present Study

In the present work, I have analyzed records of the two short-lived nuclides, 41Ca and

26Al, in refractory phases of CAIs from three primitive carbonaceous chondrites, Allende,

Efremovka and Murchison, and 26Al in igneous, non-refractory phases from several chon-

dritic meteorites with the following specific aims:

1) To obtain conclusive evidence for the presence of 41Ca in the early solar system.

2) To infer the most plausible source(s) of short-lived nuclides in the solar system

from a combined study of 41Ca and 26Al in individual refractory phases of CAIs.

3) To look for evidence of 26Al as a potential heat source for thermal processing

of meteorite parent bodies.

The first aspect of the study is an extension of earlier work carried by Srinivasan

(1994). The combined study of 41Ca and 26Al was carried out to look for possible

correlated presence/absence of these two short-lived nuclides in refractory phases of

various meteorites and has been attempted for the first time. Such correlation, if present

will allow us to narrow down the plausible source(s) of these radionuclides present in the

early solar system. Analytical calculations of productions of these and other short-lived

nuclides by energetic particles from an active early Sun in a nebular environment were

also done to compliment the experimental data. The search for 26Al in several specially
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selected igneous, non-refractory phases from unequilibrated and unusual chondrites was

carried out to obtain evidence to support the case of 26Al as a plausible heat source for

meteorite parent bodies. Analytical calculations to infer the initial abundance of 26Al

necessary to induce thermal metamorphism/melting of meteorite parent bodies have also

been performed to supplement the experimental work.

All the isotopic studies of selected meteoritic phases were carried out using an ion

microprobe. In Chapter 2, the details of the experimental procedures are described. A

brief description of the samples analyzed in this work is given in Chapter 3. The results

obtained from the present study are given in Chapter 4. In Chapter 5, I discuss the

results of K-Ca and Mg-Al isotopic data in refractory phases of CAIs and the constraints

that can be put on the plausible source(s) of the short-lived nuclides present in the early

solar system based on the data obtained from experimental and analytical approaches.

In Chapter 6, I discuss the implication of Mg-Al isotopic data in non-refractory phases

in context of thermal processing of meteorite parent bodies along with the results of

analytical calculations. A summary of the present work along with possible future work

in these areas is presented in Chapter 7.
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Chapter 2

Experimental Techniques

2.1 Introduction

Our understanding of the various processes related to the temporal evolution of the

Earth, Moon and other planetary bodies has been greatly enhanced by studies of chem-

ical and isotopic compositions of representative samples from these objects. Various

types of mass spectrometers, e.g., gas source mass spectrometers, thermal ionization

mass spectrometer, secondary ion mass spectrometers, etc., have proved to be an essen-

tial tool in determining isotopic composition of terrestrial, lunar and meteorite samples

and also of planetary atmospheres. The secondary ion mass spectrometer (SIMS), that

can be used to obtain elemental and isotopic composition of solid samples, has been

extensively used during the last couple of decades in the field of geochemistry (Shimizu

et al., 1978; Shimizu and Hart, 1982a). A major advantage offered by SIMS compared to

thermal ionization mass spectrometer (TIMS) is its high spatial resolution that allows in

situ measurements of extremely small (ten to hundred microns) terrestrial and meteoritic

samples. Eventhough these advantages are at the cost of a lower precision compared

to TIMS, the high mass resolution secondary ion mass spectrometer has proved to be

an extremely useful and the only tool at present to carry out detail in situ studies of
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isotopic compositions in individual refractory phases of Ca-Al-rich inclusions (CAI). In

the present work, which is primarly concerned with isotopic studies of K-Ca and Mg-Al

systematics in refractory phases of CAIs, and Mg-Al systematics in specially selected ig-

neous, non-refractory phases of chondritic meteorites, I have exclusively used a Cameca

ims-4f secondary ion mass spectrometer (ion microprobe) for isotopic measurements. In

this chapter, a brief description of this ion microprobe is presented along with the ana-

lytical techniques used in the measurements of K, Ca, Mg and Al isotopic compositions

in the meteoritic phases.

2.2 Secondary Ion Mass Spectrometer (SIMS)

Matter is ejected from a solid surface via the process of sputtering when it is bombarded

by energetic ions. The ejected matter consists of atomic and molecular species present in

both neutral and ionic state. The ionized particles can be analyzed for their isotopic or

elemental composition to get information about the composition of the solid surface. In

SIMS, we make use of this principle to determine elemental and isotopic composition of

solid sample. An energetic primary ion beam is used to sputter the sample surface. The

ions generated from the sputtering process, termed as secondary ions, are accelerated

and energy analyzed prior to passing through an electromagnet for mass (m/q) analysis.

The transmitted ions of a given m/q are collected using an electron multiplier or Faraday

cup to measure their intensities. In addition to its function as a mass spectrometer, the

Cameca ims-4f also has imaging capability that makes it a very versatile tool. A brief

description of the basic working of the Cameca ims-4f ion microprobe is presented below.

26



2.2.1 Primary ion column

In the sputtering process, secondary ion intensities of different species liberated from

a solid sample depend upon the nature of the primary ion used for sputtering and the

chemical composition of the target material. Negative primary ion (e.g., O−) gives better

secondary ion yield for electropositive elements like Mg, Al, K, Ca, Ti, Cr, etc., while

the use of positive primary ion beam (e.g., Cs+) leads to better secondary ion yield of

electronegative elements like H, C, O, halogens, etc. One can also use other primary

ion species like Ar, Ga, etc. depending upon the specific nature of the study. In the

Cameca’s ims-4f, primary ion beam from gaseous species (O, Ar, etc.) are produced by

a cold cathode duoplasmatron, whereas, Cs+ beam is produced by a specially designed

microbeam source that works on the principle of thermal ionization.

Oxygen gas is introduced into the cold cathode duoplasmatron where oxygen

plasma is generated by an arc discharge between the cathode and the anode kept at a

potential difference of several hundred volts. An intermediate electrode and a magnetic

field generated by a coil surrounding the intermediate electrode confines the plasma to a

very narrow region near the anode hole. The O− and O2
+ charges inside the plasma are

stratified with O2
+ ions at the center of the arc and O− ions at its periphery. The ions

can be extracted from the anode hole by the relative displacement of the arc and the

anode hole. This movement is brought about by mechanically moving the intermediate

electrode and cathode with respect to anode. As the ions of required species diffuse out

of anode hole, they are accelerated by a potential difference of up to 17.5 kV between the

duoplasmatron, which is floated at high potential, and a grounded extraction electrode.

The cesium microbeam source used in the Cameca ims-4f works on the principle

that vapours of Cs are ionized as they come in contact with hot tungsten metal. This

results from the transfer of electron from neutral adsorbed Cs atom to conduction band of
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tungsten at a temperature of 1100oC. Cs vapours are generated from a cesium chromate

(Cs2CrO4) pellet kept in a reservoir at a temperature of 400oC and are passed through

a hot porous tungsten metal where ionization takes place. The ions emerging out of

the porous tungsten are accelerated to 10 kV by the potential gradient between the

microbeam source and the extraction electrode.

Depending upon the nature of secondary ions to be analyzed, one of the three

primary ion beams: O−, O2
+ or Cs+, is selected and passed through a primary beam

mass filter. Primary beam mass filter consists of a magnet that deflects the beam coming

either from the duoplasmatron or the Cs microbeam source to the primary column.

Singly or doubly charged impurity ions of hydrides and oxides associated with leak in

the oxygen supply pipe or duoplasmatron surface contamination can be removed and

pure 16O−, or 16O2
+ primary beams can be obtained with the help of the primary beam

mass filter. The selected ion beam passes through a set of three electrostatic einzel lenses

and deflectors in the primary column prior to bombarding the sample surface (Fig. 2.1).

The intensity of the beam is controlled by the lens L1 and the primary beam aperture.

Lens L2 along with the primary beam mass filter is used to maximize the beam current.

The third lens L3 focusses the primary beam on the sample surface. The diameter of

the focussed beam spot could be as small as few microns for primary beam current of

≤ 1 nanoampere. Astigmatism in the primary beam caused by off centering of primary

beam from the principal optical axis of various apertures and lenses, can be removed

by a pair of stigmators. The primary beam current is monitored by a Faraday cup.

Stable primary currents of the order of tens of picoampere to as high as few hundred

nanoampere can be obtained. The isotopic analyses performed in this work were carried

out with primary current in the nanoampere range.
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2.2.2 Production of secondary ions

The collisions of energetic primary beam ions with a solid surface lead to transfer of

energy and momentum to the lattice atoms. As a result, the lattice bonds are broken

and these atoms are set free from their lattice sites. The liberated atoms in turn undergo

collisions with their neighboring atoms and continuation of this process leads to collision

cascade. The net result of this collision cascade is ejection of surface atoms that have

received sufficient momentum to overcome the surface barrier. The ejected particles

mostly contain neutral atoms and molecular species (e.g., oxides, hydrides, dimers, etc.),

with a small fraction in ionized form. Intensities of both the neutral and ionic species

represent the elemental and isotopic abundances of the sample surface.

The secondary ion yield, which is the number of secondary ions emitted of a

particular species per primary ion incident on the sample, depends principally upon

the chemical composition of the sample (matrix effect) and the nature of the primary

beam. The energy and angle of incidence of the primary beam are also important

parameters. Although, the role of various parameters that determine the secondary ion

yield has been studied extensively (see e.g., Benninghoven et al., 1987), it is difficult to

quantify these results in absolute term as the exact processes leading to the secondary ion

emission are not yet properly understood. Several models have been proposed to explain

the production of secondary ions. Among these, the local thermodynamic equilibrium

model proposed by Andersen and Hinthorne (1972) has been successful to some extent

in quantifying the observed sputtered yields. According to this model, a plasma layer

exists at the surface of sample during ion bombardment in which sputtered atoms, ions,

molecules and electrons are in local thermodynamical equilibrium. Concentration of

various charge species is then estimated on the basis of Saha-Eggert equation.
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2.2.3 Secondary ion optics and mass spectrometer

The secondary ions generated by sputtering of a solid surface can have a wide angular

as well as a large energy spread. For the typical primary beam energy used in SIMS,

the energy spread of sputtered ions is ∼ 150 eV, whereas, angular dispersion could

even be close to 2π radians. The role of secondary ion transfer optics is to produce a

real, magnified and low-aberration image of the bombarded sample surface which is then

transported through a double focussing mass spectrometer for energy and mass filtering.

The final image produced by the mass spectrometer has only mass-dispersive property

with no energy dispersion.

The real, magnified secondary ion image in the Cameca ims-4f mass spectrometer

is produced by the combination of an immersion lens system and a set of three transfer

einzel lenses (Fig. 2.2). One of these transfer lenses is energized at a time. The immer-

sion lens part consists of an accelerating gap (field gradient) and an einzel lens. The

sample is kept at a potential difference of 4.5 kV with respect to the grounded extraction

plate. Secondary ions are accelerated in this potential gradient and emerge out from

the extraction plate hole. In Fig. 2.3, trajectories of secondary ions with initial velocity

perpendicular to the surface, and ions having the same energy ‘E’ and angle of emission

‘α’, are shown. After acceleration in the field gradient, ions appear to come from the

virtual image A-B-C. A virtual cross over of this image is produced at Co, where ions

having same energy and initial emission angle are represented by a single point. The

virtual image and virtual cross over produced by extraction electrode and sample acts

as object for the immersion lens and the transfer lens. A real magnified image of sample

surface and its cross over are produced in the planes of field aperture and the contrast

aperture, respectively. The transfer lenses allow changes in magnification of both the

surface image and its cross over, which determines the size of the image field being

analyzed.
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The real magnified image of the sample and its cross over, produced at field

aperture and contrast aperture, respectively, serve as object for the double focussing

mass spectrometer which consists of a 90o, spherical electrostatic analyzer and a 90o,

homogeneous magnetic sector. The electrostatic sector is used to reduce the momentum

dispersion of the incident secondary ions having an initial energy spread of ∼ 150 eV. In

the electrostatic analyzer, the secondary ion beam undergoes energy dispersion, and with

the help of an energy slit, a narrow energy band (usually ∼ 25 eV) of this dispersed beam

is selected to transmit further through the spectrometer lens into the magnetic sector. As

this energy filtered beam passes through the spectrometer lens and the magnetic sector,

it further undergoes an energy dispersion which is equal in magnitude and opposite

in sign to that of the dispersion produced by the electrostatic analyzer. This state of

achromatism is attained by tuning the spectrometer lens appropriately. Besides this

energy focussing, the coupled electrostatic analyzer and magnetic sector also produce

a directionally focussed sample image. This mass filtered image can be projected on

channel multiplier using projector lenses. The capability of transporting image by the

Cameca ims-4f ion microprobe allows the system to work as an ion microscope which

facilitates mapping of lateral distribution of various elements in a sample with high

spatial resolution and magnification. The final cross over of the mass filtered sample

surface image is produced at the exit slit. The mass resolving power of the instrument

primarly depends upon the width of the entrance and the exit slits and also on the

energy band pass allowed by the energy slit.

2.2.4 Detection system

There are three modes of detecting the mass filtered secondary ions in Cameca ims-4f,

ion microprobe. These are: (1) channel multiplier, (2) electron multiplier, (3) Faraday

cup. The channel multiplier is coupled to a fluorescent screen and is used to visualize
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the magnified mass filtered secondary ion image of the sample and its cross over. In this

mode, the instrument works as an ion microscope. This mode of operation is extremely

useful in tuning the instrument to high mass resolution.

In the counting mode, the secondary ions are directed toward the electron multi-

plier and the Faraday cup assembly with the help of an electrostatic prism. For isotopic

analysis, ion counting is primarly done by using an electron multiplier. A 17 stages Cu-

Be coated dynode, electron multiplier (Balzer SEV217) is used and is operated in pulse

counting mode during isotopic analysis. The efficiency, dead time, and background of

the counting system are checked regularly during the operation of ion microprobe. The

operational efficiency of electron multiplier deteriorates with ageing of dynodes as their

coating gets corroded. It is generally replaced when the efficiency goes below 70%. The

‘effective’ dead time of the total counting system, composed of the electron multiplier,

pre-amplifier, discriminator and counting system, is generally 20 ns (nanoseconds) with

a standard deviation of ∼ 1 ns over a period of several weeks. It is determined from iso-

topic analysis of magnesium, silicon or titanium on standard samples. The background

of the counting system is usually monitored on weekly basis and the static background

is typically below 0.01 c/s (Fig. 2.4).

2.3 Isotopic Analysis and Mass Fractionation

The most important factor that has to be considered in isotopic studies by an ion micro-

probe is the interferences of various species at a given mass of interest. Such interferences

can result from the presence of molecular and isobaric species in the secondary ion beam

that have the same mass to charge ratio as that of the isotope of interest. The most com-

mon among the molecular interference are singly ionized hydrides, oxides, dimers etc.

Doubly ionized species with (m/q) similar to the isotope of interest are also important in

certain cases. Most of these interferences are resolved by high mass resolution analysis.
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Figure 2.4: Static background of the secondary counting system at mass 40.7.
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Typical mass resolution (M/∆M; ∆M measured at 10% of the peak height) needed for

resolving hydride and oxide interferences for M < 60 is ∼ 4,000. However, resolution of

very specific isobaric interferences e.g., 48Ca and 48Ti needs mass resolution of ∼ 10,000.

We have been able to achieve both high mass resolution and stability (effective ∆M/M

≤ 10 ppm) in our instrument in a routine manner.

The isotopic ratios measured by the ion microprobe can show departure from its

true value because of isotopic mass fractionation principally taking place at the time of

secondary ion emission through the sputtering process. Isotopic mass fractionation is a

process in which the isotopic composition is altered in a systematic manner, whereby,

there is either an enrichment of the lighter isotopes compared to heavier one or vice

versa. Based on ion microprobe isotopic analyses of Li, Mg, Si, K, Ca and Zr in various

minerals, Slodzian et al. (1980) observed that the lighter isotopes of all the elements

are enriched relative to the heavier ones and the magnitude of the mass fractionation

depends upon the difference in their masses, and also on the secondary ion energy. These

observations were also supported by work carried out by Shimizu and Hart (1982b).

In general, the isotopic mass fractionation observed in a sample will be due to

instrument mass fractionation as well as intrinsic mass fractionation. The later represent

effect of processes that affected the samples at the time of their formation and/or sub-

sequent evolution. The intrinsic mass fractionation effect, if present, can be determined

by analyzing the sample and an analog standard under identical instrument operating

condition and assinging the observed isotopic mass fractionation in the standard as due

to instrument mass fractionation effect. It is always preferable to use a standard for

which intrinsic mass fractionation effects have been shown to be negligible by analysis

performed using thermal ionization mass spectrometry.

In the following sections, I describe the sample preparation and analytical tech-

niques used for K-Ca and Mg-Al isotopic analysis of various meteoritic samples and
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standards.

2.4 Sample Preparation and Isotopic Measurements

by Ion Microprobe

Most of the samples (refractory as well as igneous inclusions) analyzed in this study were

cast in standard one inch diameter epoxy mounts and polished using diamond paste and

alumina powder. For analyzing individual refractory phases e.g., Murchison hibonites,

the samples were mounted in small epoxy beads (≤ 2 mm) within aluminium discs and

polished to expose the grain surface. We found that the later method of sample mounting

greatly reduces the hydride signal because of the small amount of epoxy present in the

sample-mount as compared to the standard one inch diameter epoxy mount. Reduction

in hydride signal was also observed in thin section of Allende inclusion that was mounted

on a glass disc. The reduction in hydride signal is extremely useful during K-Ca isotopic

studies to fully resolve the 41K peak from the 40CaH peak. The polished sample mounts

were thoroughly cleaned in an ultrasonic bath using soap solution, distilled water and

ethanol in steps to remove any contamination on the sample surface during handling and

polishing. The cleaned mounted samples were then coated with a 1000-1500 A thick gold

film to obtain a well defined beam spot and to reduce possible sample charging effects

during analysis. In the case of potassium isotopic analysis, the final cleaning prior to

gold coating was done by slowly heating the mounted samples in ultrapure water (filtered

through Millipore TMMilli-Q-Plus-System) for a period of one to two hours. This ensures

the removal of any extraneous potassium on the sample surface that could have come

during the sample preparation procedure. The samples were documented in detail using

an optical and a scanning electron microscope.
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2.4.1 Magnesium isotopic measurement

The measurement of magnesium isotopic composition in various meteoritic phases and

terrestrial standards were carried out at a mass resolution of ∼4,000, adequate to re-

solve hydride (NaH+, MgH+) and other molecular (48Ca++, 48Ti++) interferences at the

masses of interest (Fig. 2.5). A focused 16O− primary ion beam of energy 17 kV was

used and the beam current was typically 1-2 nanoamperes with a beam spot size of ≤

10 µm on the sample surface. Lower beam currents with smaller beam spot sizes were

used while analyzing very small Al-rich (Mg-poor) phases surrounded by Mg-rich phases,

particularly in the case of igneous inclusions of chondritic meteorites. This was done to

avoid contributions to the ion signal from the surrounding Mg-rich phases. This, how-

ever, reduces the secondary ion signals in these cases that resulted in higher statistical

uncertainities (lower precision) in the measured isotopic ratios.

Isotopic analyses were carried out in peak jumping mode by cycling the magnet

through the mass sequence 24(24Mg), 25(25Mg), 26(26Mg) and 27(27Al). When the

Al/Mg ratio of any analyzed sample was very high and the count-rate for 27Al exceeded

a few times 105, 27Al was excluded from the isotopic analysis and the 27Al+/24Mg+

ratio was determined independently both before and after individual analysis. A typical

analysis consisted of 20-25 blocks, with each block representing 5 cycles of data. The

deviations in the measured magnesium isotopic ratios (26Mg/24Mg and 25Mg/24Mg) from

their reference values were obtained using the relation.

∆iMg =







(

iMg
24Mg

)

sample
(

iMg
24Mg

)

ref.

− 1





× 1000 permil, (i = 25, 26) (2.1)

The reference magnesium isotopic ratios used by us are: (25Mg/24Mg) = 0.12663

and (26Mg/24Mg) = 0.13932 (Catanzaro et al., 1966). Correction for instrumental and
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Figure 2.5: Mass spectra of Mg and Al isotopes in Madagascar Hibonite taken at a mass
resolution, M/∆M ∼ 4,000.
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intrinsic (sample) isotopic mass fractionation was done using the linear mass fractiona-

tion relation, ∆26Mg = 2 ∆25Mg, to calculate any excess 26Mg as:

δ26Mg = ∆26Mg − 2∆25Mg (2.2)

In the case of terrestrial anolog of meteorite phases, δ26Mg should be zero within

experimental uncertainities. We have analyzed a set of standards and showed this to be

true under our instrument operating conditions (Table 2.1).

Since the secondary ion yield of a given element depends on the chemical com-

position of the target and its lattice structure, determination of elemental abundance

ratios from the measured ion intensities require a knowledge of relative ion yields of

different elements from a given matrix. This can be determined by analyzing terrestrial

standards whose elemental composition is precisely known from measurements made by

using other analytical technique, e.g., electron probe. We have analyzed terrestrial ana-

log standards of the meteoritic phases investigated in this work to determine the relative

ion yield factor (λ), by using the relation:

λ =

(

27Al
24Mg

)

e.p
(

27Al+
24Mg+

)

i.p

(2.3)

where e.p. and i.p. stands for electron probe and ion probe data, respectively.

The λ values obtained in this work are shown in Table 2.2.
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Table 2.1. Magnesium isotopic analyses of terrestrial
standards

Sample Number 27Al/24Mg δ26Mg(% )
of analyses ±2σm ±2σm

Lake County Plagioclase∗ 3 218.60 ± 1.10 -1.25 ± 1.85
Burma Spinel∗ 3 2.53 ± 0.01 0.36 ± 1.44
Madagascar Hibonite† 3 31.69 ± 0.11 -0.63 ± 1.20
Melilite‡ 3 1.03 ± 0.01 1.45 ± 1.59

∗ National Museum of Natural History, Smithsonian Institution, Washington, D C.
† Curien et al. (1956)
‡ Vernadsky Institute, Moscow

Table 2.2. Relative yield factor (λ)
for Mg-Al isotopic analyses

Sample 27Al+/24Mg+ Yield (λ)

Lake County Plagioclase 172.09 1.27
Spinel ∗ 1.98 1.28
New York Spinel 2.02 1.26
Burma Spinel 1.98 1.28
Madagascar Hibonite 22.64 1.40
Melilite ∗ 0.98 1.04

∗ Vernadsky Institute, Moscow

2.4.2 Potassium isotopic measurements

The potassium isotopic measurements were carried out using a focused 17 kV 16O−

primary beam with current generally of the order of 1.5 to 4 nanoamperes. The spot

size was made as small as possible for the given primary current and was typically < 10

µm. Secondary ions from a restricted area of the sample surface (∼ 10 µm) were accepted

during isotopic analysis by limiting the size of the field aperture. This was done to avoid

contributions from neighbouring phases with relatively high K content and also possible
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surface contamination from outside the sputtered beam spot. The energy distribution

of the secondary ions were monitored both before and after each run to ensure that

there was no significant change in the energy band over which the secondary ions were

accepted for mass analysis. The stability of the magnet, the effective deadtime and

efficiency of the counting system were checked routinely using standard procedures (see

e.g., Goswami and Srinivasan, 1994). Prior to each analysis, a preburn of the sample spot

was carried out for a period of about 15-30 minutes to remove any surficial potassium

and to achieve a steady Ca/K value. In the case of Murchison hibonites, magnesium

analyses were usually carried out prior to potassium analyses on the same spot with

relatively low primary current.

K-Ca isotopic studies of terrestrial and meteoritic phases with high Ca/K were

carried out at a mass resolution of ∼ 5000 that is sufficient to resolve the major inter-

ference of 40CaH at mass 41K (see Fig. 2.6). 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

purposes K can be considered as a two isotope system in the present case. Further, the

interference of [40Ca42Ca]++ cannot be resolved at this mass resolution and was deter-

mined indirectly. The magnitude of the other unresolved doubly charged interference

[26Mg56Fe]++ was checked by looking for [25Mg56Fe]++ signal at mass 40.46 amu under

our operating condition for K isotopic studies. High mass resolution spectra obtained

around this mass with long integration time did not reveal any signal above our system

background. This was also expected because of the very low content of Fe (FeO<1%)

in all the analyzed phases, and the much lower secondary ion yield of Fe relative to

Ca. Possible interference from [50Ti16O2]
++, that is separated from the 41K mass peak

by ∼ 0.0055 amu and is nearly well resolved under our operating conditions, was also

checked by analyzing terrestrial perovskite and looking for [46Ti16O2]
++ signal at mass

39.971 amu (separated from the 39K mass peak by ∼ 0.007amu) using high primary

beam current and a 40Ca+ count rate of ∼ 7 × 106 s−1. No detectable signal was found
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and we can rule out contribution from [50Ti16O2]
++ to the signal at mass 41 (41K) under

our operating condition (typical 40Ca+ count rates of < 2 × 106 c/s). Contributions

from additional interferences (e.g., [27Al2
28Si]++, [25Mg16O]+) can be neglected as they

are well resolved under our operating conditions. Finally, as the count rate at mass 41K

is generally a few orders of magnitude smaller than 40CaH in the high Ca/K phases,

we have checked for possible scattering from the hydride peak that may contribute to

the 41K counts during K isotopic analysis. Contribution due to scattering from the 40Ca

peak towards the signal at mass 41 can be ruled out under our operating condition as we

could not detect any signal above our counting system background in the mass region

around 40.7 amu even for 40Ca count rate of ∼ 2 × 107 s−1, which is almost an order of

magnitude higher than the value normally encountered during K isotopic analysis. The

measured ion intensity at the mass 41 peak can therefore be written as:

[mass(41)]+ =
[

41K
]+

true
+
[

40Ca42Ca
]++

+
[

40CaH
]+

tail
+ dyn.bg. (2.4)

where dyn. bg. refers to the dynamic background of the counting system. Since it is

not possible to directly measure [40Ca42Ca]++ count rate, we correct for it following the

approach of Hutcheon et al. (1984) by finding the magnitude of [40Ca43Ca]++ signal at

mass 41.5 and assuming :

(40Ca43Ca)
++

43Ca+
=

(40Ca42Ca)
++

42Ca+
(2.5)

The [40Ca43Ca]++ signal, which can be monitored at m/q=41.5, was found to be ex-

tremely low (<0.5c/s) in both terrestrial and meteoritic phases under our operating

condition. The value of [40Ca43Ca]++/43Ca+ was therefore obtained independently in

meteoritic as well as terrestrial analog phases by using high primary current and long
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acquisition time at mass 41.5 to achieve reasonable precision. The position of the

[40Ca43Ca]++ peak could be easily identified in perovskite and can be accurately located

in the case of other phases (melilite, fassaite and hibonite) based on the [40Ca27Al16O]++

peak that is separated from the [40Ca43Ca]++ peak by 0.009amu (see Fig. 2.6). We have

obtained the values for the [40Ca43Ca]++/43Ca+ ratio for all the analyzed mineral phases,

as one could expect a dependence of this ratio on the matrix composition (Hutcheon et

al., 1984). The measured values for this ratio in terrestrial and meteoritic phases are

shown in Fig. 2.7. Except for hibonite, the values for the other mineral phases are very

close to each other. The results shown in Fig. 2.7 clearly demonstrate our ability to

reproduce this ratio in all the analyzed mineral phases and we can use the measured

values with confidence for the correction of the [40Ca42Ca]++ interference.

Possible contribution to the signal at mass 41 due to scattering from the hydride

peak was generally monitored by obtaining the count rate at mass (43Ca - ∆M) or (42Ca

- ∆M) where ∆M is given by the relation:

∆M =
i

41
·
[

M(40CaH) − M(41K)
]

≃ 0.009amu (2.6)

where i = 42, 43.

The contribution due to scattering from the 40CaH+ peak towards signal at mass 41 is

estimated as:

[

40CaH
]

tail
(c/s) = signal at

(

iCa − ∆M
)

(c/s) ·
40CaH+

iCa+
(2.7)

where i = 42, 43.

In the case of Efremovka CAIs this contribution was found to be < 5% of the total signal

at mass 41 except in a couple of cases. A major improvement on experimental procedure
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Figure 2.7: [40Ca43Ca]++/43Ca+ ratio for different terrestrial (filled symbols) and mete-
oritic (open symbols) phases.
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made during this study is the approach used to analyze single grains of refractory phases

using the epoxy bead mounting method. With a smaller volume of epoxy in these

beads compared to standard one inch diameter epoxy mounted polished section for

the Efremovka CAIs, we found a very significant reduction in the hydride signal, and

the (40CaH)+ and (41K)+ peaks were fully resolved (Fig. 2.8). Because of this, the

contribution of the scattering from (40CaH) peak to 41K count rate became negligible

in most of the single grain analysis. However, as a matter of precaution, the hydride

tail was monitored in all the isotopic analysis. The background of the counting system

was checked in both static and dynamic mode of operation. In the static mode the

system background was always < 0.005 c/s. The dynamic background of the counting

system was monitored by including mass 40.7 (acquisition time 30 s) during analysis of

terrestrial phases. It was found to be somewhat higher than the static background and

had a value of ≤ 0.01 c/s.

Potassium isotopic analysis was carried out by cycling the magnet through the

masses, 39K, 41K, 40CaH, (42Ca - ∆M ; if necessary), 42Ca, (43Ca - ∆M) and 43Ca in the

peak-jumping mode. The peak center for 41K could be ascertained accurately from the

40CaH peak. The counting times at masses 39(39K) and 41(41K) were typically 30-45 and

60-90 seconds, respectively. The counting time at mass (42Ca - ∆M) or (43Ca - ∆ M),

used for monitoring the hydride contribution, was typically 10 s. Each analysis consisted

of 10-12 blocks of 5-6 cycles each, which lasted for a duration of 90 to 120 minutes. The

data reduction was done on block level basis. The value of (41K+/39K+)true was evaluated

for each block of data in a given analysis and the resultant data set was used to get the

mean value and associated uncertainties for the analysis. The [40Ca42Ca]++ correction

at block level was based on the independently determined value for [40Ca43Ca]++/43Ca+

in meteoritic and terrestrial analog phases (Fig. 2.7) and the measured 42Ca+/39K+

values for each block. The contribution due to scattering from the hydride peak was

corrected by using the mean value of [42Ca-∆M ]+/42Ca+ or [43Ca-∆M ]+/43Ca+ for the
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whole analysis and the [40CaH]+/39K+ ratio for each block.

Studies of K-Ca isotopic systematics using ion microprobe involve the determi-

nation of the relative sensitivity factor (relative ion yield) for K and Ca in suitable

terrestrial analogs of the meteoritic phases. We have analyzed specially prepared sam-

ples of pyroxenes and anorthositic glass with high Ca/K ratios to obtain this value. The

results obtained by us are shown in Table 2.3. The value of the relative sensitivity factor

λ, defined as [(39K+/40Ca+)/(39K/40Ca)], obtained from analysis of the anorthositic glass

is somewhat lower than those from pyroxenes and suggests a possible matrix-dependent

effect. As most of the analyzed meteoritic phases are pyroxenes and have Ca/K values

higher than the anorthositic glass, we have used the mean value of 3.2 for the sensitivity

factor for obtaining Ca/K ratios. We note here that in determining the 39K+/40Ca+ ra-

tio for the pyroxene with extremely low K content (CAI-PX-1), we faced the problem of

contribution from K external to the sample. The λ value for this sample given in Table

2.3 is based on the measured 39K+/40Ca+ ratios close to (and including) the lowest value

obtained for this pyroxene. In the absence of standard samples of perovskite, hibonite

and melilite with known Ca/K ratios, we have used a λ value of 3.2 for these phases

also.

Table 2.3. Relative yield factor (λ) for K-Ca isotopic analyses

Sample∗ K (ppm) Ca/K λ∗∗

Pyroxene 1 8 2.1 × 104 3.34 ± 0.10
(Ti-Px-1)
Pyroxene 2 0.06 3.0 × 106 3.08 ± 0.20
(CAI-Px-1)
Anorthositic Glass 17 8.6 × 103 2.47 ± 0.10
An-Mg-5

∗Samples prepared at Caltech (Courtesy I.D. Hutcheon).
∗∗Relative yield factor favouring K. Errors are 2σm.
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In order to ensure that the procedure adopted by us for K-Ca isotopic studies

of meteoritic phases with high Ca/K (>105) can provide accurate 41K/39K ratios, we

have analyzed a set of terrestrial minerals with Ca/K ratios varying over nine orders

of magnitude. The analyzed samples include Madagascar hibonite, perovskite, melilite,

microcline (USNM # 143966), and pyroxenes (Ti-Px-1 and CAI-Px-1). The results

obtained from this study are shown in Table 2.4 and Fig. 2.9. As in the case of

determination of the sensitivity factor, the data for the pyroxene with lowest K content

is based on a couple of analyses where the inferred 40Ca/39K ratio was close to the

expected value of 3 × 106. The 41K/39K values in all the cases are close to the reference

value of 0.072 (Garner et al., 1975), within the limits of our experimental uncertainties.

As 40K is excluded from analysis routine, it is not possible to determine the fractionation

corrected residual for 41K (i.e., δ 41K). However normal K isotopic composition was found

for terrestrial minerals with Ca/K ratios ranging from 10−3 to ∼ 3 × 106 (Fig. 2.9), and

suggests that isotopic mass fractionation in the case of potassium must be small (≤ a few

per mil/amu). It may be noted that instrumental mass fractionation generally favours

the lighter isotopes and as such it will tend to suppress the signal at 41K relative to 39K.

On the other hand, since the meteorite samples analyzed by us include some coarse-

grained CAIs that are considered to be evaporative residues (e.g., MacPherson et al.,

1988), one may expect an enrichment of the heavy isotope 41K relative to 39K. However,

the magnitude of instrumental mass fractionation in ion microprobe is generally more

than that of intrinsic mass fractionation and as the measured isotopic ratios in all the

terrestrial phases are close to the reference value, we have neglected any possible effect of

isotopic mass fractionation in analyzing the K isotopic data. We note here that a value

of ∼ 4 per mil per amu for instrumental mass fractionation has been reported recently by

Humayun and Clayton (1995) who have analyzed K isotopic compositions in a variety

of terrestrial and meteorite samples using an ion microprobe. The measured normal

potassium isotopic composition in the terrestrial phases (Fig. 2.9) also provide credence
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and validity to the approach used by us to correct the hydride, the doubly charged

calcium interferences as well as the absence of other doubly charged interferences under

our instrument operating conditions.

Table 2.4. Potassium isotopic analyses of terrestrial standards

Sample Number 40Ca/39K 41K/39K
of analyses ±2σm

Microcline∗ 1 1.1 × 10−3 0.0719 ± 0.0001
Melilite† 1 4.3 × 102 0.0718 ± 0.0002
Madagascar Hibonite 2 6.2 × 102 0.0718 ± 0.0004
Anorthositic Glass ∗∗ 2 8.6 × 103 0.0716 ± 0.0009
(An-Mg-5)
Pyroxene 1∗∗ 2 1.7 × 104 0.0731 ± 0.0005
(Ti-Px-1)
Pyroxene 2∗∗ 3 3.0 × 106 0.073 ± 0.008
(CAI-Px-1)
Perovskite† 4 4.5 × 106 0.072 ± 0.006

∗US National Museum Standard (USNM 143966).
∗∗Samples prepared at Caltech (Courtesy I. D. Hutcheon).
†Sample obtained from Vernadsky Institute, Moscow.
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Chapter 3

Sample Description

Refractory phases from three carbonaceous chondrites, Efremovka, Murchison and Al-

lende were analyzed in the present work for their K-Ca and Mg-Al isotopic composition.

Refractory inclusions (CAIs) in primitive meteorites, particularly those from the Allende

(CV3) and Murchison (CM) chondrites have served as important probes to understand

the early stages of the formation of the solar system (e.g., Grossman, 1980; MacPherson

et al., 1988). The relevant information has come from detailed mineralogical, chemical

and isotopic analyses of these refractory phases. The refractory phase assemblages in

Murchison contain higher temperature oxide phases (e.g., hibonite, perovskite, spinel,

etc., with very little silicates) compared to the Allende CAIs that are mostly devoid of

hibonites and have abundant refractory silicates (e.g., fassaite, melilite, anorthite). Some

of the Allende CAIs also show distinct signatures of secondary alterations, whereas, CAIs

from another CV3 meteorite, Efremovka, analyzed by us appear to be more pristine than

the Allende inclusions with very little evidence of secondary alteration. This is also sup-

ported by petrographic, REE and, trace element studies of Efremovka CAIs (Ulyanov

et al., 1982, 1988; Ulyanov and Kolesov, 1984; Nazarov et al., 1982, 1984; Goswami et

al., 1994; Sylvester et al., 1993). A brief description of the refractory samples from these

three meteorites analyzed in this work is presented in this chapter. In addition, we also
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describe the igneous, non-refrectory phases from several chondritic meteorites that were

analyzed to look for the presence of 26Al at the time of formation of these phases.

3.1 Refractory phases and inclusions

3.1.1 Allende CAIs

Three CAIs, HAL, EGG3 and USNM 3529-42 from the Allende (CV3) meteorite were

analyzed in the present work. A brief descripition of these inclusions is presented below.

HAL (Hibonite ALlende)

The hibonite inclusion HAL consists of three coarsely crystalline white large crystals of

pure hibonite surrounded by a narrow black rim of devitrified glass rich in aluminum

and iron (Allen et al., 1980; Table 3.1). In addition, there is a thick (∼ 2 mm) sequential

multilayered, fine grained outer rim consisting of both volatile (nepheline, sodalite, Ca-

phosphate, grossular) as well as refractory (perovskite and hibonite) phases. Mineralogic

and petrologic studies of these rims suggest that they were formed by accretion of an

assemblage of grains that condensed from a cooling nebular gas. Pentlandite, nickel iron

and barrel-shaped olivine crystals (minerals typical of Allende matrix) are also found

in the outer layer and increase in abundance towards its exterior. The results obtained

from isotopic analyses of O, Mg, Ca and Ti make HAL one of the most unusual inclu-

sion among the category termed as FUN (Fractionation and Unknown Nuclear effects)

inclusion (Lee et al., 1979, 1980; Fahey et al., 1987). It shows large Ca isotopic frac-

tionation effects (∼ 7.5 % /amu) favoring heavier isotopes with additional superposed

nuclear effects. Titanium shows a small positive fractionation of ∼ 4.4 % /amu with a

presence of small nuclear effects in the neutron rich isotope 50Ti. The oxygen isotopic
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compositions of different refractory phases in the HAL inclusion suggest that this in-

clusion sampled an anomalous reservoir rich in 16O, and has experienced fractionation

as well as partial exchange of oxygen with a reservoir of normal isotopic composition

(Lee et al., 1979). The magnesium isotopic composition in the rim of HAL was found

to be normal, whereas, a very small excess of 26Mg was found in hibonite with an initial

26Al/27Al = (5.2 ± 1.7) × 10−8. No intrinsic mass fractionation could be measured for

magnesium. Based on isotopic composition, petrology and mineral studies, it appears

that HAL is a volatilization residue that back-reacted with normal solar nebular matter

at low temperature. We have analyzed a fragment of HAL hibonite (Fig. 3.1) for K

isotopic composition.

EGG3

EGG3 is a subspherical large (1.5 cm diameter) coarse grained inclusion, composed

primarily of Ti-rich fassite, anorthite, spinel and melilite (Wark and Wasserburg, 1980;

Wark and Lovering, 1980, 1982). The mineralogy is consistent with Type B1 category.

The entire inclusion is extensively veined by a fine-grained alteration material. Based on

textural and chemical features, there are indications that some of the melilite, specifically

near the rim of the inclusions, were formed by a secondary metamorphic event rather

than primary crystallization from a melt (Meeker et al., 1983). The metamorphic event

might have taken place on a small planetary body as a result of which pyroxene was

replaced by melilite.
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Table 3.1. Composition of refractory phases
from Allende and Murchison inclusions

Inclusions: HAL∗ EGG3∗∗ BB-4† SH-7‡

Hibonite Pyroxene Hibonite Hibonite

SiO2 < 0.02 40.40 0.40 0.30
TiO2 0.71 7.14 3.65 4.6-5.3
Al2O3 89.95 17.29 84.69 76.62
FeO 0.32 0.03 - < 0.1
MnO - - - -
MgO <0.01 9.40 2.88 2.2-2.5
CaO 8.71 24.84 8.26 8.58
Cr2O3 < 0.02 - - -
V2O3 < 0.02 0.46 - -

Sum 99.74 99.56 99.88 92.85

∗ Allen et al. (1980)
∗∗ Meeker et al. (1983)
† Taken by averaging the 4 and 5 enteries of table-1

from MacPherson et al. (1983)
‡ Assumed to be similar to composition of SH-4 (MacPherson et al., 1983)

for major elements. Minor element composition was taken from

Hashimoto et al. (1986)

The magnesium isotopic analysis of plagioclase and spinel in EGG3 inclusion was

carried out by Armstrong et al. (1984). An initial 26Al/27Al value of ∼ 4.9 × 10−5 was

inferred which is typical of the least altered Type B1 CAI (MacPherson et al., 1995), and

suggests that magnesium isotopic composition of EGG3 was not disturbed by the high

temperature metamorphic event or during the production of low temperature secondary

phases. K isotopic data obtained by Hutcheon et al. (1984) provided a hint for excess

41K seen in some of the pyroxene grains of this CAI which they attributed to decay of

41Ca. However, the K-isotopic signature in EGG3 appeared to be disturbed.

In the present study, pyroxene grain from a small portion of EGG3 (Fig. 3.2;

Table 3.1) was analyzed for potassium isotopic composition. The samples of HAL and
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EGG3 were obtained from Caltech. (courtesy, G. J. Wasserburg and I. D. Hutcheon).

USNM 3529-42

USNM 3529-42 is a unique spinel and hibonite-rich, melilite-bearing Allende inclu-

sion having two diverse lithologies, one spinel-rich (SR) and the other spinel-poor (SP)

(MacPherson et al., 1986). Most of the inclusion (SR) is a dense intergrowth of spinel,

hibonite and melilite with minor metal beads, fassaite and secondary anorthite that

embays and apparently replaces melilite. Secondary phases such as grossular, nepheline

and sodalite are virtually absent. The texture of this lithology suggests crystallization

from a melt. The melilite-rich region (SP lithology) is attached to one side of SR and re-

sembles normal Allende fluffy Type A (FTA) inclusions. It shows no evidence of having

been molten. As both the lithologies are petrologically dissimilar and show no petro-

graphic gradations near the interface, the inclusion might have resulted from a collision

between SR and a FTA (SP). However the same initial magnesium isotopic composition

in both the lithologies suggests that either there was a complete magnesium isotopic

exchange between the two lithologies or both objects coincidently had the same initial

magnesium isotopic composition. In the present work, we have carried out magnesium

and potassium isotopic analyses of hibonites from two hibonite-rich regions of 3529-42

section #2 (Fig. 3.3; Table 3.2). This sample was obtained from Smithsonian Institute

(courtesy, G. J. MacPherson). We have measured both Mg and K isotopic compositions

in hibonites from this inclusion.

3.1.2 Murchison (CM) Hibonites

One of the main aim of the present work was to look for correlated presence/absence of

the two short-lived nuclides, 41Ca and 26Al in early solar system phases. Such a study

can be best done by analyzing refractory phases with high Al/Mg (≥ 10) and Ca/K
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(≥ 3 × 105) ratio, so that both Mg-Al and K-Ca isotopic measurements can be done

on the same phase. The refractory phase that best suits this requirement is hibonite.

In addition to the hibonites from Allende meteorite, we have studied several hibonites

from the Murchison (CM) chondrite. Four blue spherules containing spinel and hibonite,

and four platelet type irregular thin chips of hibonites were selected for potassium and

magnesium isotopic analyses. These hibonites were hand-picked at the Enrico Fermi

Institute, Chicago (courtesy, A. M. Davis) from HF/HCl insoluble residue of a large piece

of Murchison meteorite that was processed for the separation of interstellar dust (Amari

et al., 1994). Most of these objects are 50 - 100 µm in size. The spheroidal shapes of the

blue spherules suggest that they could have solidified from melt droplets (MacPherson

et al., 1983). The origin of the platelet type hibonite is not exactly understood. It is

not clear whether the hibonites occur as isolated grains or were part of some refractory

inclusions that got disaggregated during accretion of the Murchison parent body or

during separation procedure.

Table 3.2. Major element composition of Murchison
and Allende hibonites∗

Phases SH-7 CH-B2 CH-B5 CH-B7 CH-A4 CH-A3 CH-A5 USNM
3529-42

TiO2 5.4 5.6 4.9 5.5 5.0 5.9 5.3 6.4
Al2O3 83.0 83.7 84.6 82.5 84.6 78.7 85.5 78.3
MgO 2.6 1.8 1.6 1.8 1.6 6.6 0.1 9.5-3.6
CaO 9.3 9.2 9.4 9.8 8.9 8.2 9.4 8.6

SUM 100 100 100 100 100 100 100 100

∗ Hibonite composition for various inclusions were evaluated on the basis of
SEM-EDX data. The composition of SH-7 was taken as standard

In addition to these spinel-hibonite spherules and platelet type hibonites, two

well documented inclusions, a blue object, BB-4 and a hibonite-rich inclusion SH-7

from Murchison meteorite were also analyzed. BB-4 is a spheroidal object (∼ 100 µm
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diameter) composed of intergrown spinel and hibonite. The magnesium isotopic data

obtained by Hutcheon et al. (1980) suggest an initial 26Al/27Al ∼ 5 × 10−5 at the time

of formation of this inclusion.

SH-7 is a 2 mm diameter, hibonite rich inclusion that was found on a broken

surface of the Murchison meteorite. The analyzed inclusion consists almost entirely of

hibonite which poikilitically encloses 1-8 µm euhedral perovskite crystals and sparse 5-

10 µm melilite grains (Hashimoto et al., 1986). Spinel is absent in this inclusion. No

secondary alteration phases were found in the inclusion. The minor and trace element

contents of the inclusion are within the range of composition of hibonites found in other

spinel-hibonite inclusions (MacPherson et al., 1983). Magnesium isotopic composition

showed absence of 26Al at its formation time. An initial 26Al/ 27Al of < 3.6 × 10−6

was estimated in hibonite. The oxygen isotopic composition of SH-7 deviates from the

normal trend seen in most of the refractory phases from other CAIs. The samples of BB-

4 and SH-7 were provided by L. Grossman and A. M. Davis of Enrico Fermi Institute,

Chicago.

Representative photomicrographs of hibonites and hibonite bearing inclusions

from Murchison meteorite analyzed in this study are shown in Fig. 3.4. Representative

chemical compositions of hibonites from Murchison and Allende meteorites are presented

in Table 3.1 and Table 3.2.

3.1.3 Efremovka CAIs

Three coarse grained CAIs, E40, E44, E65, and a large multizoned hibonite-rich inclusion

(E50) from Efremovka were analyzed to look for excess 41K in them. E40, E44 and

E65 are Type B1 inclusions with pyroxene-rich cores and melilite-rich mantles. The

petrographic details and mineral chemistry of these inclusions are reported by Ulyanov
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et al. (1982, 1988); Nazarov et al. (1982, 1984) and summarized by Goswami et al.

(1994) (Table 3.3). Secondary alteration products are nearly absent in these inclusions.

All the inclusions have a 20 to 30 µm 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 Ti-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 100 µm in the core). The spinel grains

are in general isometric crystals that are poikilitically enclosed by pyroxenes and melilite.

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 TiO2 content

from 2.5 % in E65 to 14.5 % in E40. The pyroxenes are zoned; the smaller ones show

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

The compositional data and stoichiometric considerations suggest that a good fraction

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 %). All the three inclusions

have well-behaved Mg-Al isochrons with initial 26Al/27Al close to the canonical value

of 5 × 10−5 (Goswami et al., 1994). Petrographic, chemical and isotopic data for these

Efremovka CAIs suggest them to be more prisitine than the Allende CAIs.

E50 is a large (∼ 1 cm) multizoned hibonite-rich inclusion containing a melilite-

pervoskite zone, a melilite-spinel zone, a melilite-spinel perovskite zone and the hibonite

rich zone. Small (≤10 µm) perovskite grains are extremely abundant in the melilite-

perovskite zone. The spinel grains are small and are poikilitically enclosed by 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. Representative photomicrographs of

Efremovka CAIs are shown in Fig. 3.5 and 3.6. We have analyzed pyroxene grains of
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E40, E44, E65 for K isotopic composition and hibonites in E50 for both Mg and K

isotopic compositions.

Table 3.3. Composition of refractory phases
in Efremovka CAIs∗

Phase: Pyroxene∗∗ Mel Pev Hib

CAI: E40 E44 E65 E50

SiO2 42.23 44.68 45.39 25.17 0.68 -
TiO2 6.51 4.00 2.54 0.00 56.76 7.25
Al2O3 16.32 13.67 16.67 31.74 1.09 79.81
FeO 0.05 - 0.54 0.22 0.04 -
MnO - 0.03 0.02 - 0.11 -
MgO 9.87 12.50 11.43 2.65 0.05 4.73
CaO 25.47 24.99 25.78 39.94 41.09 7.92
Na2O - 0.08 0.06 0.19 0.15 0.23
K2O

+ 0-0.01 0-0.06 0-0.04 0-0.13 0.03-0.10 0-0.16
Cr2O3 0.10 0.03 0.05 - - -
V2O3 0.07 0.02 - - - -

SUM 100.6 100.1 102.5 100 100.1 100.1

∗Mel: Melilite; Pev: Perovskite; Hib: Hibonite
∗∗The pyroxenes show simple to complex zoning in titanium composition;

data are representative of low-Ti zones.
+The spread refers to measured range in different grains

Note: “-” Indicates no measurement.

3.2 Igneous Objects from Chondrites

We have analyzed Mg-Al isotopic systematics in plagioclase phases of igneous, non-

refractory objects from two unequilibrated chondrites, Dengli and Severnyi Kolchim,

both belonging to the H3 group, and from the Tsarev meteorite belonging to L5 group

of chondrites. In addition, Al-rich phases in chromite chondrules and inclusion from
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the unequilibrated H-chondrite, Raguli and anorthite grains separated from the multi-

component meteorite breccia Kaidun were also chosen for analyses.

The basaltic inclusion in the Tsarev (L5) chondrite consists of Ca-rich pyroxene

and minor orthopyroxene grains embedded in a glassy plagioclase matrix and is charac-

terized by a fine grained magmatic texture (Migdisova et al., 1992; 1994). The chemical

composition of Ca-rich pyroxene and plagioclase in the inclusion is similar to that of the

host chondrite. However, the phase proportion in the former is similar to that of eu-

tectic (basaltic) mixture. The similarity in the chemical compositions suggests that the

basaltic inclusion and the host chondrite are genetically related. Partial melting of host

chondritic material by which plagioclase-pyroxene fraction was melted and separated

from residual olivine and orthopyroxene has been proposed as the mode of formation of

this inclusion. The basaltic inclusion was most probably formed by rapid solidification

of melt without equilibration with residual solid.

The Dengli (H3) unequilibrated chondrite is a complex chondritic breccia con-

taining several angular clasts and inclusions (Ivanova et al., 1992; Ivanova et al., 1993).

The plagioclase phases from a silica-bearing inclusion, an angular clast (clast number 2

of Ivanova et al., 1992) and a chondrule were analyzed by us. The silica-bearing inclu-

sion has a round shape and consists of orthopyroxene, clinopyroxene, feldspar and silica

(probably crystobalite). The angular clast is composed of olivine, Al-rich clinopyroxene

and feldspar. The presence of clinopyroxene and Ca-rich feldspar indicates its similarity

with achondrites, and suggests an igneous origin for this silica bearing inclusion.
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Table 3.4. Composition of plagioclase phases from
igneous objects in chondrites

Tsarev∗ Severnyi† Dengli‡

Kolchim Silica-bearing Igneous clast

SiO2 54.70 45.60 49.50 54.50
Al2O3 21.59 35.30 33.50 27.30
FeO 0.18 0.82 0.30 1.00
MgO 0.10 0.09 - 0.42
CaO 2.04 16.60 15.40 9.10
TiO2 0.09 0.01 0.10 0.13
MnO 0.03 0.04 0.35 < 0.05
Na2O 8.33 1.51 2.60 6.10
K2O 1.49 0.04 <0.05 0.10
Cr2O3 0.03 0.85 - 0.01

∗ Migdisova el al. (1992)
† Nazarov et al. (1993)
‡ Ivanova et al. (1992)

The igneous object in the unequilibrated chondrite Severnyi Kolchim (H3)

consists of olivine grains surrounded by Ca-rich pyroxene and Ca-rich feldspar (Nazarov

et al., 1993). The presence of Ca-rich feldspar and pyroxene with the absence of metal

grains suggest that the clast was formed by igneous process on a differentiated parent

body. However, the mineral chemistry, particularly the higher Fe/Mg ratio in olivine

grains relative to that of the late crystallizing phases is difficult to explain in this scenario.

Presence of chromite chondrules and inclusions in the Raguli (H3) meteorite

has been reported by Krot and Ivanova (1992) and Krot et al. (1992). These objects

consist of chromite and plagioclase phases with minerals like ilmenite, pyroxene and

phosphate as accessory phases. Several models have been proposed to explain the origin

of chromite chondrules and inclusions (Ivanova and Krot, 1994). These include melt-

ing and recrystallization of pre-solar aggregates to form chondrules and inclusions, and

secondary alteration of nebular condensate in meteorite parent body or in an oxidizing
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environment. Although, these phases are not product of thermal processing in mete-

orite parent bodies, they can provide additional clues about distribution of 26Al during

different epochs in the early solar system. In the present study, plagioclase phases from

two chromite chondrules and one inclusion were analyzed.

Kaidun meteorite is a heterogeneous multi-component meteorite breccia com-

prising of carbonaceous and enstatite chondrites (Ivanov, 1989). The major constituents

of this meteorite have a composition close to type CM chondrite. Xenoliths with compo-

sition resembling type CI and two distinct types of enstatite chondrites (EL3 and EH5)

are also found within the dominant CM type. This multi-component meteorite breccia

perhaps was formed in a series of events causing compaction of these four types of me-

teorites. The origin of the anorthite grains separated from the carbonaceous matrix by

crushing and hand picking are not exactly known, but has been included in the present

study because of the unique nature of the Kaidun meteorite.

Representative photomicrographs of the igneous objects analyzed in this work

are shown in Fig. 3.7. Chemical composition of a selected plagioclase phases is shown

in Table 3.4.
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Chapter 4

Results

In this chapter we present the results obtained from the K-Ca and Mg-Al isotopic anal-

yses of the refractory phases and inclusions from the Efremovka, Allende and Murchison

meteorites. In addition, Mg-Al isotopic systematics for the igneous, non-refractory ob-

jects form various chondrites analyzed in this study are also presented.

4.1 Potassium Isotopic Composition

4.1.1 Refractory phases in Efremovka (CV3) meteorite

The results obtained in the present study of K isotopic composition in refractory phases

of Efremovka CAIs are given in Table 4.1. The 40Ca/39K values were computed from the

measured (42Ca+/39K+) ratio, using a relative sensitivity factor of 3.2 favouring K for all

the analyzed phases and a normal 40Ca/42Ca ratio of 151.02. The hibonite grains in E50

are small and it is difficult to carry out high precision isotopic analysis without possible

interference from surrounding relatively K-rich (Ca/K ∼ 104) phases (presumably altered

products present in melilite). Nonetheless we have been able to analyze a few hibonite

grains where contributions towards K signal from the neighbouring phases are expected
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to be small. This could be inferred from the measured intensities of the Mg+, Al+,

Ca+ and Ti+ ions from the analyzed spot before and after each analysis. Although

melilite has typically a low Ca/K ratio (a few times 104) we could locate several spots

in E50 where this value exceeds 105 and are suitable for K-isotopic studies. The results

obtained, however, suggest possible disturbance in K isotope systematics in melilite from

E50 and we have included data for only a few analyses in Table 4.1 to illustrate both

the presence as well as absence of 41K excess in melilite with high Ca/K ratios. All the

41K/39K values given in Table 4.1 have been corrected for contributions to the signal at

mass 41 from the unresolvable [40Ca42Ca]++ interference and from the tail of the 40CaH

peak following the procedures described in chapter 2. The typical signal at mass 41K

ranges from 0.5 to 0.8c/s when the Ca/K ratio exceeds 5 × 105. The measured count

rate at mass 41 (averaged over individual analysis) and its decomposition to various

components are shown in Fig. 4.1 for the analyzed pyroxenes with Ca/K ≥106 as well

as for terrestrial perovskite and pyroxene with high Ca/K ratio. The 39K count rate for

the pyroxene with the highest Ca/K ratio (E44; pyroxene 2) decreased by a factor of two

after the first three blocks of analysis and remained relatively stable for the remainder

seven blocks of analysis. The data for this pyroxene presented in Table 4.1 and Fig. 4.1

refer to the result obtained from the last seven data blocks.

The contribution to the signal at mass 41 due to scattering from the hydride peak,

estimated from the count rate at the mass (42Ca-∆ M) or (43Ca-∆ M), was generally less

than 5% of the signal at 41K except in a couple of cases that probably reflect less than

optimal instrument tuning (peak shape) and operating conditions. We have not made

explicit correction for the background of the counting system as the indirect correction

for [40Ca42Ca]++ interference at mass 41 already takes this into account. Note that

the magnitude of this correction is based on independent analysis with long acquisition

time (60-90s per cycle) at mass 41.5. The magnitude of the [40Ca42Ca]++ contribution

to the signal at mass 41 is proportional to the count rate at mass 42 (42Ca) and the
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Figure 4.1: Decomposition to various components (Double plus, hydride, normal and
excess) of count rates at mass 41 for various pyroxenes from Efremovka CAIs with
Ca/K > 106. The total counts at mass 41 in each case is also shown. Data for terrestrial
pyroxene and perovskite are also shown.

75



variations in this signal seen in Fig. 4.1 reflect variations in the measured 42Ca+ count

rates primarily due to the differences in the primary beam current used during individual

analysis. The data shown in Fig. 4.1 clearly suggest the presence of an excess signal at

mass 41(41K) varying from 0.04 to 0.12c/s. The excess count rates are much above our

system background (≤0.01c/s) and account for ∼ 8 to 20% of the measured count rates

at this mass except for a couple of cases.

The 41K/39K ratios for the analyzed phases from the Efremovka CAIs, evaluated

following the procedures described in chapter 2, along with the data for terrestrial py-

roxene and perovskite are plotted as a function of their 40Ca/39K ratios in Fig. 4.2.

Data points with Ca/K > 3 × 105 show clear evidence of excess 41K with measured

41K/39K values higher than the reference value of 0.072. The error bars in the measured

41K/39K ratios are mainly governed by counting statistics at mass 41 and 39 (typically

of the order of ≤ 3% at 1σ level), and the error associated with the doubly-charged

calcium interference. In some analyses the error bars are rather large due to the spread

in the measured 42Ca/39K ratio. Note that the uncertainty in the mean value for this

ratio affects the error estimation for (41K/39K) while making corrections for the doubly

charged calcium interference and also the error on the estimated value of 40Ca/39K. A

correlation of the excess 41K with the measured 40Ca/39K ratio of the analyzed phases

is clearly evident in the data shown in Fig. 4.2.

It is therefore reasonable to assume that the excess in 41K is due to in situ decay

of the short-lived nuclide, 41Ca that was incorporated ‘live’ into the CAIs at the time of

their formation, and, we can write:
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Figure 4.2: K isotopic composition of different phases from Efremovka CAIs plotted as
a function of their Ca/K ratios. The error bars are 2σm. The dashed line represents
normal terrestrial standard value for 41K/39K = 0.072.
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where i represents the initial ratio, m(true) refers to the measured(true) ratio and ‘*’

represents the radiogenic component. This relation represents the evolution of the K-Ca

isotopic system in the Efremovka CAIs (assuming a closed system), and the intercept

and slope of the best-fit line represented by this relation give the initial 41K/39K and

41Ca/40Ca values at the time of closure of the K-Ca isotope system in the CAIs. The

data shown in Fig. 4.2 yield a value of (1.41 ± 0.14) × 10−8 for the initial 41Ca/40Ca at

the time of formation of Efremovka CAIs (error quoted here and in the remainder of the

thesis are 2σm). They also suggest a value of (0.0706 ± 0.0007) for the initial 41K/39K

which is close to the reference value of 0.072. Both these initials are very close to the

earlier result reported by Srinivasan et al. (1994) based on a sub-set of the total data

presented here. Even though the Ca/K values for most of the data points lie between

(0.3 - 3) × 106, the correlation holds true even for phases with very high Ca/K ratios

of ∼ 2 × 107 and ∼108 (Fig. 4.2b). Decomposition of the signal at mass 41 for the

analysis that yielded the highest Ca/K ratio and where the contribution from natural

41K is below our detection limit (39K+∼ 0.01c/s), yields an initial 41Ca/40Ca of (1.10 ±

0.56) × 10−8. The value of the slope of the correlation line obtained by us is higher than

the value of (8 ± 3) × 10−9 reported by Hutcheon et al. (1984). However, a majority

of the data points ( 4 out of 6 ) with high 40Ca/39K (> 5 × 105) reported by Hutcheon

et al. (1984) fall closer to the correlation line obtained by us. We have already noted

that we suspect movement of K in E50 melilites and they are not included in Fig. 4.2

and also while obtaining the initial Ca and K isotopic ratios. The low Ca/K values for

melilite in other Efremovka CAIs, unfortunately, do not allow us to make an in-depth

study of this problem.
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Table 4.1 Efremovka K-Ca isotopic data

Sample 40Ca/39K 41K/39K†

±2σm ±2σm

Efremovka CAIs

E40 (type B1)

Pyroxene 1 (6.39 ± 0.44) × 105 0.075 ± 0.006
Pyroxene 2 (7.11 ± 0.70) × 105 0.082 ± 0.006
Pyroxene 3 (1.19 ± 0.07) × 106 0.087 ± 0.010
Pyroxene 4 (9.48 ± 2.34) × 105 0.093 ± 0.010
Pyroxene 5 (3.83 ± 0.49) × 105 0.077 ± 0.003

E44 (type B1)

Pyroxene 1 (2.84 ± 0.43) × 106 0.097 ± 0.018
Pyroxene 2 (1.30 ± 0.21) × 108 1.510 ± 0.760
Pyroxene 3 (2.49 ± 0.13) × 106 0.100 ± 0.015
Pyroxene 4 (3.24 ± 0.37) × 106 0.128 ± 0.018
Pyroxene 5 (3.71 ± 0.41) × 105 0.082 ± 0.006

E50 (Hibonite-Rich)

Perovskite 1 (1.69 ± 0.01) × 105 0.075 ± 0.002
Perovskite 2 (5.95 ± 0.01) × 104 0.070 ± 0.002
Perovskite 3 (1.36 ± 0.01) × 105 0.074 ± 0.002

Melilite 1∗ (1.17 ± 0.10) × 106 0.096 ± 0.012
Melilite 2∗ (1.71 ± 0.25) × 106 0.108 ± 0.028
Melilite 3∗ (7.37 ± 0.47) × 105 0.065 ± 0.005

Hibonite 1 (6.11 ± 1.15) × 104 0.073 ± 0.003
Hibonite 2 (2.04 ± 0.17) × 105 0.074 ± 0.004
Hibonite 3 (6.91 ± 0.96) × 105 0.082 ± 0.004
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Efremovka (Continued)

Sample 40Ca/39K 41K/39K†

±2σm ±2σm

E65 (type B1)

Pyroxene 1 (7.30 ± 0.81) × 104 0.073 ± 0.002
Pyroxene 2 (2.67 ± 0.29) × 105 0.072 ± 0.003
Pyroxene 3 (5.86 ± 0.85) × 104 0.071 ± 0.002
Pyroxene 4 (9.73 ± 1.33) × 104 0.070 ± 0.002
Pyroxene 5 (1.75 ± 0.28) × 105 0.073 ± 0.002
Pyroxene 6 (1.52 ± 0.04) × 105 0.074 ± 0.003
Pyroxene 7 (9.87 ± 0.95) × 105 0.079 ± 0.007
Pyroxene 8 (5.94 ± 0.67) × 105 0.084 ± 0.007
Pyroxene 9 (1.28 ± 0.06) × 106 0.086 ± 0.009
Pyroxene 10 (2.19 ± 0.11) × 106 0.102 ± 0.014
Pyroxene 11 (1.29 ± 0.11) × 106 0.089 ± 0.010
Pyroxene 12 (1.00 ± 0.13) × 106 0.086 ± 0.005
Pyroxene 13 (8.30 ± 0.76) × 106 0.149 ± 0.026
Pyroxene 14 (2.30 ± 0.40) × 107 0.427 ± 0.160
Pyroxene 15 (2.25 ± 0.50) × 107 0.501 ± 0.051

†Values are corrected for (40Ca42Ca)++ interference. The values for [40Ca43Ca]++/43Ca+ ratio
in pyroxene, melilite, perovskite and hibonite are (2.64 ± 0.09) × 10−5, (2.55 ± 0.10) × 10−5,
(2.87 ± 0.07) × 10−5 and (6.95 ± 0.61) × 10−6 respectively. The magnitude of (40Ca42Ca)++

correction is given by:

[40Ca43Ca]++/43Ca+ × (42Ca+/40Ca+) × (40Ca+/39K+), where, (40Ca+/42Ca+) = 151.02

∗Data not included to calculate the slope and intercept of the evolution diagram.

In addition to the conventional isochron plot of 41K/39K vs. 40Ca/39K, we have

also plotted 41K/40Ca as a function of 39K/40Ca (Fig. 4.3), which avoid plotting ratios

of two quantities with large uncertainities (e.g., 41K/39K) on individual axis. The slope

of the best-fit line in this representation give the initial 41K/39K, while the intercept,

the initial 41Ca/40Ca. The values obtained are (0.0712 ± 0.0012) and (1.29 ± 0.29) ×

10−8, respectively, consistent with the values noted earlier.
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Figure 4.3: 41K/40Ca vs 39K/40Ca plot for Efremovka CAIs. The data yield an initial
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4.1.2 CAIs from the Allende (CV3) meteorite

HAL

The results obtained from potassium isotopic analyses of HAL hibonite are presented

in Table 4.2. We found spatial inhomogeneity in K concentration within the HAL

hibonite. In the first two analyses, the 39K count rate was resonably high, and the

measured 41K/39K ratio after appropriate corrections for [40Ca42Ca]++ interference, re-

veal no excess in 41K/39K ratio over the normal value of 0.072. In the third analysis,

the 39K count rate was below our detection background. After correcting the measured

41K/42Ca ratio for this analysis for double-plus calcium interference, the residual excess

in 41K provides an upper limit for initial 41Ca/40Ca of 3 × 10−9. The first three results

are plotted in Fig. 4.4 along with the results obtained from potassium isotopic analyses

of USNM 3529-42 hibonites. The first two data points plot on the normal 41K/39K values

along with the terrestrial samples. As the abundance of 39K in case of third analysis is

below our detection limit, a lower limit value for 40Ca/39K of 2.6 × 107 was selected to

represent the data. The arrow represents the expected evolution of a closed K-Ca iso-

topic system for an initial 41Ca/40Ca value of 3 × 10−9. The results from two additional

analyses given in Table 4.2 do not show any excess in 41K/39K ratio over its normal

value within our experimental uncertainties. Because of their low precesion, these data

points are not represented in Fig. 4.4. Based on the data, we infer a value of 3 × 10−9

as an upper limit for the initial 41Ca/40Ca at the time of formation or final closure of

K-Ca isotopic systematics in HAL hibonite.
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Table 4.2 K-Ca isotopic data of Allende CAI HAL

Analysis Mass 41 (41K/39K)m
† 40Ca/39K ( × 105) (41K/39K)c

‡

Number c/s ±2σm ±2σm ±2σm

1 0.643 0.102 ± 0.030 (22.0 ± 7.0) 0.068 ± 0.017
2 1.155 0.076 ± 0.008 (1.9 ± 0.3) 0.073 ± 0.0075
3 0.077 - - -
4 0.090 - - -
5 0.049 - - -

(continue)

Analysis (41K/42Ca)m [40Ca42Ca]/42Ca (41K/42Ca)expected.
∗ (41K/42Ca)excess.

∗∗

Number ±2σm ±2σm ±2σm ±2σm

( × 10−6)

1 (22.4 ± 2.7) (7.0 ± 0.6) (16.4 ± 4.7) No excess
2 (199.0 ± 28.0) (7.0 ± 0.6) (189.0 ± 28.0) (2.7 ± 0.4)
3 (8.8 ± 1.70) (7.0 ± 0.6) Nil (1.5 ± 1.8)
4 (11.4 ± 5.8) (7.0 ± 0.6) (4.2 ± 6.6) No excess
5 (5.7 ± 1.8) (7.0 ± 0.6) (0.5 ± 1.0) -ive

† Experimentally measured value of 41K/39K
‡ Corrected value of 41K/39K for [40Ca42Ca]++/[42Ca]+ and hydride
∗ Expected value based on the measured 39K/42Ca ratio
∗∗ Excess is obtained by subtracting (41K/42Ca)expected from the corrected
value of (41K/42Ca) for double plus and hydride
‘-’ 41K/42Ca and 39K/42Ca were measured instead of 41K/39K in these analyses
because of low count rates at masses 39 and 41

EGG3

The potassium concentration in the pyroxene grain from EGG3 analyzed in this work

was also found to be spatially inhomogeneous. We could analyze eight spots that have

reasonably high 39K count rates. All these analyses show excess in 41K/39K ratio. The

results are shown in Table 4.3 and plotted in Fig. 4.5. An initial 41Ca/40Ca value of

(1.17 ± 0.22) × 10−8 can be inferred on the basis of this excess. Our data, therefore,

confirm the hint for an excess in 41K in this sample reported earlier by Hutcheon et al.

(1984). If we include the data obtained by Hutcheon et al. (1984) in estimating the
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initial 41Ca/40Ca, a value of (8.5 ± 1.5) × 10−9 is obtained. In one of the analysis (# 9

of Table 4.3), the 39K count rate went below our background level after the third block

of analysis. The measured 41K/42Ca ratio in this case when corrected for [40Ca42Ca]++

contribution, yield an initial 41Ca/40Ca value of (1.32 ± 0.35) × 10−8. We assign a lower

limit value of 6.5 × 108 for 40Ca/39K for this analysis based on the 40Ca count rate and

assuming 39K to be present at background level (i.e., ∼ 0.01 c/s).

Table 4.3 K-Ca isotopic data of
Allende inclusion EGG3

Sample 40Ca/39K 41K/39K
± 2σm ± 2σm

Pyroxene 1 (2.67 ± 0.20) × 105 0.079 ± 0.005
Pyroxene 2 (5.20 ± 1.31) × 105 0.086 ± 0.008
Pyroxene 3 (1.42 ± 0.26) × 106 0.088 ± 0.013
Pyroxene 4 (2.09 ± 0.34) × 106 0.102 ± 0.009
Pyroxene 5 (3.34 ± 0.23) × 106 0.086 ± 0.019
Pyroxene 6 (7.49 ± 4.19) × 106 0.19 ± 0.03
Pyroxene 7 (7.75 ± 2.54) × 107 0.55 ± 0.40
Pyroxene 8 (7.13 ± 3.06) × 107 0.84 ± 0.22
Pyroxene 9 6.50 × 108 7.9 ± 3.3

4.2 Potassium and Magnesium Isotopic

Composition in Hibonites

4.2.1 Efremovka hibonites (E50)

Both potassium and magnesium isotopic compositions were measured in hibonites from

the Efremovka CAI E50. Excess 26Mg was found in all analyses. This can be noted in

Fig. 4.6 where the new data are plotted along with earlier data reported by Goswami

and Srinivasan (1994) that suggested a well behaved Mg-Al isotope systematics for E50

with initial 26Al/27Al of (4.87 ± 0.87) × 10−5. The Mg isotopic data obtained in this
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work are consistent with the earlier data and the initial 26Al/27Al value obtained from

the combined data set is indistinguishable from the earlier result. We also note here that

the Efremovka CAIs E40 and E65 also have well behaved Mg-Al isotope systematics with

initial 26Al/27Al values of (3.4 ± 1.0) × 10−5 and (3.99 ± 0.27) × 10−5, respectively, while

the CAI E44 shows evidence for Mg-isotopic exchange between anorthite and melilite

while the pyroxenes appear to be unaffected (Goswami et al., 1994).

4.2.2 Murchison (CM) Hibonites

The results obtained from the K-Ca and Mg-Al isotopic analyses of individual hibonite

grains as well as hibonite-bearing inclusions from the Murchison meteorite are presented

in Table 4.4. The initial 41Ca/40Ca inferred from the individual analysis is also presented

in the table. The data reduction in the case of Murchison hibonites were carried out in

a manner similar to that of Efremovka, except that the epoxy bead mounting method

has reduced the contribution from the tail of 40CaH peak to 41K peak to negligible level

(< 1 %) of the signal at mass 41K. The salient features of the results obtained from the

Murchison hibonites are:

(1) Excess in 41K that can be attributed to the in situ decay of 41Ca was found

to be present in some of the hibonites.

(2) The K-Ca and Mg-Al isotopic systematics for individual hibonite grains as

well as hibonite-bearing inclusions indicate correlated presence/absence of the two short-

lived nuclides, 41Ca and 26Al, at the time of formation of these phases.

An initial 41Ca/40Ca ratio of (1.07 ± 0.40) × 10−8 was inferred from K isotopic

analysis of hibonite CH-B6 that also show an initial 26Al/27Al ratio of ∼ 5 × 10−5.

Hibonites from blue spherules CH-A2, -A3 and -A5 indicate presence of excess 41K. An

initial value for 41Ca/40Ca of (1.10 ± 0.34) × 10−8 was inferred from the combined data
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for these hibonites. We note here that the low precesion of this data set makes it difficult

to obtain initial 41Ca/40Ca ratios in each individual case. The low precesion in the data

was due to the low count rates of 41K in the analyzed phases resulting from the use of low

primary beam current in order to avoid contributions of K from neighbouring phases.

Hibonites from the inclusion BB-4, however, show well resolved excess in 41K above its

normal value of 0.072. Excess in 26Mg over its normal value of 0.13932 was also found

to be present in all these hibonites. Attributing this excess to in situ decay of 26Al in

these hibonites, we obtain an initial value for 26Al/27Al of (5.02 ± 0.44) × 10−5.

Isotopic analysis of hibonite from the blue spherules, CH-A4, and hibonite frag-

ments, CH-B2, -B5, -B7, as well as SH-7 do not show any excess in 41K. An upper limit

of 6 × 10−9 for initial 41Ca/40Ca can be inferred from the measured 41K/39K ratios in

these samples. All these hibonites also show absence (or near absence) of 26Mg excess

with an upper limit of 7 × 10−6 for initial 26Al/27Al. The results obtained from K and

Mg isotopic analyses of the Murchison hibonites are presented in Fig. 4.7 and Fig. 4.8,

respectively.

4.2.3 Allende (CV3) hibonite (USNM 3529-42)

Isotopic analyses of K and Mg in hibonites from USNM 3529-42 inclusion confirmed

the presence of 41Ca and 26Al at the time of formation this CAI. An initial 41Ca/40Ca

ratio of (1.28 ± 0.34) × 10−8 and an initial 26Al/27Al ratio of (5.7 ± 1.0) × 10−5

were inferred from the data, presented in Table 4.5 and plotted in Fig. 4.4. Except in

one case, there is an excess in 41K/39K ratio over its normal value of 0.072 for all the

analyzed grains. Eventhough the hibonite grains in this inclusion are relatively bigger

than those in Efremovka CAI E50, the movement of potassium into some of these grains

from neighbouring phases made it difficult to locate spots with high 40Ca/39K signal;

we could find only two grains that have 40Ca/39K > 107. The magnesium isotopic data
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obtained on the same grains following potassium isotopic analysis also show a clear

excess in 26Mg.

Table 4.5 K-Ca and Mg-Al isotopic data of
Allende inclusion USNM 3529-42

Sample 40Ca/39K 41K/39K 27Al/24Mg δ26Mg(% )
± 2σm ± 2σm ± 2σm ± 2σm

Hibonite #1 2.48 × 107 0.33 ± 0.14 43.3 21.96 ± 4.12
Hibonite #2 2.50 × 107 0.51 ± 0.20 50.0 20.87 ± 5.63
Hibonite #3 (7.15 ± 1.07) × 105 0.078 ± 0.008 20.7 7.23 ± 2.64
Hibonite #4 (4.79 ± 0.78) × 105 0.079 ± 0.003 78.3 30.9 ± 3.80
Hibonite #5 (7.75 ± 0.12) × 105 0.090 ± 0.011 - -
Hibonite #6 (5.00 ± 0.78) × 105 0.082 ± 0.007 19.9 8.22 ± 2.82

4.3 Magnesium Isotopic data for Igneous Objects

from Chondrites

The results obtained from the measurement of Mg isotopic composition in plagioclase

phases found in igneous objects from all the chondritic meteorites selected for this study

are given in Table 4.6. In Fig. 4.9, we have plotted the measured values of 26Mg/24Mg

for the meteorite samples as a function of their 27Al/24Mg ratio along with the data for

terrestrial plagioclase used as a standard. If radiogenic excess in 26Mg is present in any of

the analyzed phases, the measured 26Mg/24Mg ratio should be higher than 0.13932, the

reference value. The magnesium isotopic composition in most of the analyzed phases

are normal within our experimental uncertainties. The low 27Al/24Mg for two out of

three analyses of Raguli plagioclase suggest contribution to Mg signal from surrounding

chromite.

Two of the Kaidun anorthite grains show definite excess of 26Mg with δ26Mg =

4.2 ± 1.6 % and 4.0 ± 2.4 % and suggest an initial 26Al/27Al ∼ 1.6 × 10−6 at the

time of their formation. However, the other anorthite grains analyzed from the same
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meteorite have normal magnesium isotopic composition with an upper limit of 10−6 for

initial 26Al/27Al.

The results obtained from analyses of igneous inclusion from the Severnyi Kolchim

(H3) meteorite suggest absence of 26Mg excess within our experimental uncertainities.

An upper limit of 2 × 10−6 for initial 26Al/27Al can be inferred from the data.

The experimental uncertainities in case of data from the basaltic inclusion from

Tsarev (L5) and igneous clasts from Dengli (H3) are rather large. This resulted from

the use of low primary beam current (beam diameter ≤ 10 µm) for these analyses. This

was necessary to avoid contribution from surrounding Mg-rich phases while analyzing

the small plagioclase laths (∼ 10 - 20 µm in width). All the analyses from these two

meteorites indicate absence of 26Mg excess except for one data-point for a silica bearing

inclusion in Dengli. An initial value of (7.0 ± 4.6) × 10−6 for 26Al/27Al can be inferred

based on this data point.
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Table 4.6 Mg-Al data for plagioclase phases

in chondritic meteorites
Sample 27Al/24Mg δ26Mg(% )
details ±2σm ±2σm

Kaidun (Multi-breccia)

Anorthite # 1 365±23 4.22±1.57

Anorthite # 2 184±13 0.19±2.22

Anorthite # 3 476±57 -0.13±3.47

Anorthite # 4 484±149 1.35±2.21

Anorthite # 5 348±31 3.99±2.39

Severnyi Kolchim (H3)

(Igneous object)

Analysis # 1 152.3±57.3 -0.48±4.85

Analysis # 2 264.2±81.5 -2.74±6.40

Analysis # 3 466.7±64.1 -0.59±7.00

Tsarev (L5)

(Basaltic inclusion)

Analysis # 1 33.4±8.9 6.34±10.05

Analysis # 2 48.7±13.5 9.70±6.28

Analysis # 3 50.9±5.3 8.14±12.26

Dengli (H3)

Clast # 2; 1 26.3±0.2 -11.39±7.46

Clast # 2; 2 20.7±1.3 -1.17±7.68

Clast # 2; 3 41.6±1.6 -7.35±11.53

Silica bearing 252.2±14.1 12.64±8.28
inclusion

Chondrule 15.1±1.4 -0.76±4.71

Raguli (H3)

Chromite chondrule # 1 62.96±5.00 -3.90±9.26

Chromite chondrule # 2 8.83±0.29∗ 0.65±3.78

Chromite-Plagioclase 9.31±0.06∗ -4.77±3.48

inclusion
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Chapter 5

Source(s) of Short-lived Nuclides in
the Early Solar System and Time
Scales

The implications of the results obtained from the K-Ca and Mg-Al isotopic analyses

of individual refractory phases and CAIs from the primitive meteorites, Murchison,

Efremovka and Allende are discussed in the present chapter. The two most important

results obtained in this study are:

(1) Excess 41K was found in all the CAIs from the Efremovka meteorite analyzed in

this work and also in several samples from Allende and Murchison meteorites.

The observed excess in 41K also correlates with the measured 40Ca/39K ratio in

the analyzed phases and clearly demonstrates the one time presence of 41Ca in the

analyzed phases. The initial value for 41Ca/40Ca at the time of their formation

was estimated to be (1.38 ± 0.13) × 10−8 (Fig. 5.1).

(2) Observation of correlated presence/absence of the two short-lived nuclides, 26Al

and 41Ca, in CAIs as well as individual refractory phase (hibonite) from Efre-

movka, Allende and Murchison meteorites. They are either present with their
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characteristic initial values of ∼ 1.4 × 10−8 for 41Ca/40Ca, and ∼ 5 × 10−5 for

26Al/27Al or are absent/occur in very low abundances (Fig. 5.2). This result,

obtained for the first time in this study, suggests that 41Ca and 26Al are coupled

either in their original production site(s) or were thoroughly mixed in some parcels

of proto-solar cloud before they were incorporated into the refractory phases.

In the following, we will discuss these observations to infer the most plausible

source(s) of these two short-lived nuclides present in the early solar system from among

the various sources proposed so far and discussed briefly in chapter 1. We show that

the correlated presence/absence of the two short-lived nuclides in individual refractory

phases helps us to better constrain the source(s) of the short-lived nuclides. Before

discussing this aspect, we briefly consider the implications of the absence of signatures

of these radionuclides in certain refractory phases analyzed in this work.

5.1 Distribution of 41Ca and 26Al in the Early Solar

System

While the presence of excess 41K and 26Mg in refractory phases is attributed to the

presence of the radionuclides, 41Ca and 26Al, respectively, at the time of formation of

these phases, the absence of such an excess in some of the refractory phases analyzed

in this work can be due to several causes. These include: (i) a heterogeneity of these

radionuclides in the solar nebula (due to variable mixing of the source material with the

nebular material), (ii) late formation of these phases, and (iii) reprocessing of material

and/or redistribution of Mg and K isotopes as a result of multiple secondary events

affecting the refractory phases in the early solar system.

Based on detailed petrographic and magnesium isotopic studies of refractory

inclusions from Allende (Podosek et al., 1991), Vigarano (MacPherson and Davis, 1993)
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and Leoville (Caillet et al., 1993) meteorites, a correlation was observed between the

presence of disturbed Mg-Al isotopic systematics and secondary alteration effects. The

observed secondary alterations must have taken place within the first few million years

after the formation of CAIs, that resulted in Mg-isotopic redistribution between the

adjoining mineral phases leading to either complete erasure of the signatures of 26Mg

excess or reducing the initial 26Al/27Al value to less than the canonical value of 5 ×

10−5. The relatively low value of (8.5 ± 1.6) × 10−9 for 41Ca/40Ca in the case of Allende

EGG3 inclusion (based on combined data obtained by us and Hutcheon et al., 1984), as

compared to the value of ∼ 1.4 × 10−8 seen in Efremovka CAIs may be attributed to

possible disturbances in K-Ca isotopic systematics in this CAI. This is consistent with

the petrographic studies of EGG3 inclusion which also suggest presence of secondary

alteration effect in this CAI (Meeker et al., 1983). The Mg-Al isotopic systematics of

the inclusion was however not affected significantly as indicated by the inferred initial

value of 5 × 10−5 for 26Al/27Al (Armstrong et al., 1984).

In the case of HAL hibonite, eventhough, its petrographic studies reveal sec-

ondary alteration presumably taking place in a nebular environment (Allen et al., 1980),

the absence of 41Ca and low abundance of (5.4 ± 1.3) × 10−8 for 26Al/27Al (Fahey et

al., 1987) would be difficult to explain on its basis as it would require a rather large time

interval of ∼ 7 Ma for the closure of the Mg-Al isotopic system. The preservation of

nuclear isotopic anomalies in calcium and titanium found in this CAI (Lee et al., 1979,

1980) over such a time scale seems to be very difficult. Thus, heterogeneous distribution

of 26Al and 41Ca in the solar nebula appears to be a more plausible reason for the ab-

sence of these radionuclides in HAL hibonite as well as some of the Murchison hibonites

analyzed in this work. Isotopic heterogeneity in the solar nebula has also been proposed

earlier to explain the absence of 26Mg excess in FUN inclusions and in CM hibonites

(MacPherson et al., 1995). The magnesium and oxygen isotopic analyses of corundum

grains from Murchison meteorite by Virag et al. (1991) also suggest the presence of more
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than one 26Al component in the solar nebula. Although the absence of 26Al and 41Ca

in some of the analyzed phases in the present study could represent an inhomogeneity

in the distribution of these two nuclides in the solar nebula, the fact remains that they

are both present in their canonical abundances in all the petrographically unaltered

Efremovka and Allende CAIs. Further, as the petrographic context of the Murchison

hibonites are unknown, we shall assume that the initial 26Al/27Al and 41Ca/40Ca were

uniform in the solar nebula, atleast in the region of CAI formation, with an initial value

of 5 × 10−5 and 1.4 × 10−8, respectively, in the remainder of our discussion.

5.2 Source(s) of the Short-lived Nuclides, 26Al and
41Ca in the Early Solar System

The two proposals made to explain the presence of the short-lived nuclides, 41Ca and

26Al in the early solar system phases are:

(i) presence (or production) of these short-lived nuclides in the early solar system that

were incorporated ‘live’ into the CAIs during their formation, followed by in situ

decay within these objects,

(ii) contribution from variable amounts of “fossil” 41K and 26Mg of radiogenic origin

locked in refractory stardust that are part of the initial components of the solar

nebula from which the CAIs were formed.

Apart from these, an alternate mechanism for producing 41Ca could be cosmo-

genic production by secondary neutrons during recent cosmic ray exposure of the me-

teorites [ via (n,γ) reaction with 40Ca present in the CAIs or refractory phases] and its

subsequent decay. In order to explain the presence of 41Ca with the observed initial

41Ca/40Ca ratio of ∼ 1.4 × 10−8 in the various analyzed refractory phases, a neutron
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fluence of ∼ 3 × 1016 cm−2 is necessary. The expected secondary neutron fluence in a

meteorite depends mainly on three parameters: the cosmic ray exposure duration, the

preatmospheric size and the chemical composition of the meteorite. The preatmospheric

size is an important parameter as the production of secondary neutrons within a mete-

orite increases with shielding depth and reaches a maximum at a shielding depth of ∼

100-150 gm cm−2. The Efremovka meteorite has a cosmic ray exposure age of ∼ 11Ma

(Murty et al., 1995, 1996; Mazor et al., 1970), whereas, Allende and Murchison mete-

orites have relatively low cosmic ray exposure ages of ∼ 5.2 Ma and ∼ 2 Ma, respectively

(Fireman and Göbel, 1970; Hohenberg et al., 1990). As the estimated neutron fluence

in Allende is rather low, < 1015cm−2 (Göbel et al., 1982), the presence of 41Ca in the

Allende refractory phases due to production by secondary neutrons during cosmic ray

exposure of the meteorite is not possible. In the case of Efremovka, its preatmospheric

size is expected to be much smaller than Allende for which the recovered mass exceed 2

tons compared to 21 kg for Efremovka. Thus, the neutron fluence experienced by Efre-

movka is not expected to be much higher than that of Allende. In fact, recent noble gas

data for Kr and Xe and for cosmogenic 36Cl in bulk samples of Efremovka (Murty et al.,

1995, 1996) suggest that the neutron fluence experienced by Efremovka is almost a factor

of ten lower than the value for Allende. A large preatmospheric size for the Efremovka

meteorite is also ruled out by preliminary data for cosmic ray produced nuclear tracks

in Efremovka as well as the measured activities of 36Cl, 26Al and 10Be in this meteorite

and the cosmogenic 22Ne/21Ne ratio of 1.11 obtained from noble gas data (Murty et al.,

1996). Thus, the possibility of cosmogenic production of 41Ca in Efremovka can be ruled

out.

An additional argument against the cosmogenic production of 41Ca by secondary

neutrons is the absence of 41K excess in HAL hibonite from Allende meteorite and some

individual hibonite grains from Murchison meteorite. It would be difficult to explain

the presence as well as absence of 41K excess in different phases of the same meteorite if
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the production took place during the recent cosmic ray exposures of these meteorites in

interplanetary space. Therefore, the possibility that the observed 41K excess in refractory

phases and CAIs of these meteorites is due to production by secondary neutrons during

their cosmic ray exposures in the interplanetary space can be ruled out.

5.2.1 “Fossil” origin of the short-lived nuclides in the early
solar system

The possibility that the short-lived nuclides found in early solar system solids (CAIs)

could be of “fossil” origin was proposed by Clayton (1977, 1982, 1986). In this model

the decay of the short-lived nuclides took place within interstellar grains that had pref-

erentially incorporated such nuclides in their stellar formation sites. The case for the

possible presence of excess 41K of “fossil” origin in refractory inclusions of primitive

meteorites, which would enhance the 41K/39K ratio in these objects above the normal

solar system value, was specifically noted by Clayton (1977). The proposed scenario

involves the formation of refractory condensates (stardust) in stellar environment (e.g.,

supernova envelope) that are 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 41Ca 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

can inherit excess 41K from the stellar condensates. While this scenario has its own

appeal and excess 41K has been detected in interstellar dust (Amari et al., 1995), it does

not readily explain the observed correlation between excess 41K and 40Ca/39K in the re-

fractory phases unless one makes the ad hoc assumption of mixing between components

of arbitrary compositions. However, petrographic studies of the analyzed Efremovka

CAIs clearly show that they were formed via crystallization of refractory melts and one

would expect complete K isotopic equilibration during their formation which rules out

preservation of signals resulting from varying degrees of mixing of distinct components
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within individual CAIs. Thus, although the presence of a very small amount of “fossil”

41K and 26Mg in the CAIs cannot be ruled out unequivocally, we do not consider this

to be the primary source for the observed excess of 41K and 26Mg in the analyzed CAIs

and refractory phases.

The 41K excess in the analyzed refractory phases and CAIs, and its correlation

with 40Ca/39K can therefore be best explained by considering the presence of live 41Ca

in the early solar system at the time of CAI formation. The presence of live 41Ca and

26Al in the early solar system may be due to any one or more of the following processes:

(i) introduction of freshly synthesized 41Ca and 26Al from specific stellar site(s) to the

solar nebula,

(ii) production of 41Ca and 26Al in early solar system matter by nuclear reactions

initiated by energetic particles from an active (T Tauri) early Sun,

(iii) irradiation of the proto-solar cloud by energetic particles within a molecular cloud

complex.

If the first alternative is true then the presence of the short-lived nuclides, 41Ca

and 26Al in CAIs puts an extremely stringent constraint on the value of ∆, 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 first discuss the other two

possibilities before discussing this aspect in detail.
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5.2.2 Production of 41Ca and 26Al by energetic particle
irradiation

Irradiation by an active early Sun

As discussed in the introductory chapter, the possibility of production of nuclides (ra-

diogenic as well as non-radiogenic) due to energetic particles irradiation in the solar

nebula has been suggested by several groups. In this scenario, the short-lived nuclides

are produced due to interaction of energetic particles from an active early Sun with solar

system matter. One can consider in situ production of nuclides in CAIs as well as their

production in nebular gas and dust prior to the formation of the CAIs. Several proposals

were made to explain the enhanced abundances of both radiogenic and non-radiogenic

nuclides in meteoritic matter by considering an enhanced flux of energetic particles from

the early Sun (Heymann and Dziczkaniec, 1976; Heymann et al., 1978; Clayton et al.,

1977; Lee, 1978; Kaiser and Wasserburg, 1983; Clayton and Jin, 1995; Shu et al., 1996).

Evidence for an active early Sun, with a time averaged proton flux of ∼ 100 to 1000 times

more than the contemporary average (based on lunar sample data), has been obtained

recently from measurements of cosmogenic neon isotopes in solar flare irradiated olivine

grains from several carbonaceous chondrites (Hohenberg et al., 1990; see also Caffee et

al., 1991). However, there are several problems with the solar particle irradiation sce-

nario. These are: (i) use of arbitrary spectral parameters for the solar energetic particles

to avoid co-production of nuclides for which no anomalous abundances have been found

in meteoritic phases, (ii) requirement of very high energetic particle fluence, and (iii)

mismatch with observational data for the short-lived isotopes (e.g., 26Al and 53Mn) by

solar energetic particles. Inspite of the attempts made so far, a rigorous calculation of

cosmogenic production of all the short-lived nuclides, including 41Ca and the recently

discovered 36Cl (Murty et al., 1997) with appropriate cross section data is still lacking.

In the present study, we have carried out detailed calculations for the production of
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the short-lived nuclides, 26Al, 41Ca, 36Cl and 53Mn in CAI precursor material in the

solar nebula by solar energetic particles to further investigate this problem. We have

included in our calculations all the possible low-energy (< 100 MeV/amu) solar proton

and alpha particle induced reactions in different target elements that can produce these

radionuclides. The alpha to proton abundance ratio in solar energetic particles was

taken as 0.1. The relevant reactions along with their reaction cross sections are shown

in Fig. 5.3. The reaction cross sections for the production of 26Al, 41Ca and 53Mn were

taken from Ramaty et al. (1996). In the absence of measured reaction cross sections for

36Cl production, we have estimated the same by considering equivalent reactions, based

on compilation of reaction cross sections for Z = 20-40 (Lorenzen and Brune, 1974)

and reaction cross section data for production of 26Al, 41Ca and 53Mn (Ramaty et al.,

1996). In particular, the reaction cross section for 33S(α,p)36Cl was based on compila-

tion of cross sections from Lorenzen and Brune (1974); for the 34S(α,pn)36Cl reaction,

equivalent reactions, 39K(α,pn)41Ca and 24Mg(α,pn)26Al were used and the 41K(p,n)41Ca

reaction cross section was used for 36S(p,n)36Cl reaction. The equivalent reactions con-

sidered for 37Cl(p,pn)36Cl, are 54Fe(p,pn)53Fe, 42Ca(p,pn)41Ca and 27Al(p,pn)26Al, and

for the reaction 39K(p,3pn)36Cl, the intermediate values of cross section from the reac-

tions 44Ca(p,p3n)41Ca and 28Si(p,2pn)26Al were used. For 35Cl(α,3He)36Cl, we used the

reaction cross sections of 40Ca(α,3He)41Ca. However, as the threshold for the former

reaction is ∼ 2.5 MeV/amu as compared to ∼ 7 MeV/amu for the later, the reaction

cross section for 36Cl production were taken by scaling the energy from E to E/2.3.

The calculations for cosmogenic production of radionuclides were carried out by

considering different spectral parameters for the solar energetic particles. These energetic

particles that are associated with solar-flare events have a typical range in kinetic energy

of 1-100 MeV/amu with their flux decreasing rapidly with increasing energy (Caffee et

al., 1988). The solar particle energy spectrum is expressed either as a power law in

kinetic energy, E, or as an exponential in rigidity R (momentum per unit charge):
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Figure 5.3: Nuclear reaction cross sections for production of short-lived nuclides, 26Al,
41Ca, 36Cl and 53Mn from various target nuclides.
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dN

dE
= constant × E−γ (5.1)

or
dN

dR
= constant × e

− R

R0 (5.2)

where γ is the power law exponent, and R0, the characteristic rigidity, defining the

spectral hardness. Typical values for γ and R0 in contemparary solar flares range from

2 to 4, and 50 to 200 MV, respectively (Reedy and Arnold, 1972; Lal, 1972; Goswami

et al., 1988). We have performed calculations for the above range in γ and R0.

CAI-precursor grains present in the solar nebula were considered as the target

material and we have assumed them to be of chondritic (CI) composition (Anders and

Ebihara, 1982). A grain size in the range of ten microns to cm, following a number-

size distribution of the type, dn/dr ∝ r−β, was chosen for the production calculations.

Only ionization energy loss process has been considered for the low energy solar particles

and appropriate range-energy relation was used to obtain the modified differential energy

spectra at different depths within a grain. The production rates at various depths within

grains of different sizes were calculated following the approach described by Lal (1972).

The production rates of the radionuclides, 26Al, 41Ca, 36Cl and 53Mn at different

depths within grains of three different sizes are shown in Figures 5.4 to 5.7. The equi-

librium production rates are expressed in terms of production per kilogram of material

per minute (dpm/kg). Except for grains of radii less than 0.1 gm/cm2, the production

rates fall steeply with depth. Production rates for grain with radius 0.034 gm/cm2 (ra-

dius ∼ 100µm, density = 3.4 gm/cm3) are almost uniform throughout the grain and are

higher than those for larger grains. This is because of “effective” 4π irradiation in case

of smaller grains as compared to “effective” 2π irradiation for the larger grains. The

maximum contribution to the average production rate basically comes from the smaller
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Figure 5.4: Production rate (dpm/kg) of the radionuclide, 26Al as function of depth for
grains of three different sizes. Energy and rigidity spectra with different γ and R0 values,
respectively, were used for the calculations.
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Figure 5.5: Production rate (dpm/kg) of the radionuclide, 41Ca as function of depth
for grains of three different sizes. Energy and rigidity spectra with different γ and R0

values, respectively, were used for the calculations.
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Figure 5.6: Production rate (dpm/kg) of the radionuclide, 36Cl as function of depth for
grains of three different sizes. Energy and rigidity spectra with different γ and R0 values,
respectively, were used for the calculations.
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Figure 5.7: Production rate (dpm/kg) of the radionuclide, 53Mn as function of depth
for grains of three different sizes. Energy and rigidity spectra with different γ and R0

values, respectively, were used for the calculations.
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grains due to the power law distribution in grain size used by us.

The average production rates for single grains of different sizes with γ = 3 and

R0 = 100 MV are shown in Fig. 5.8a. These values were finally used to determine the

average production rate for an ensemble of grains of different sizes following the grain

size distribution, dn/dr ∝ r−β; with β = 3 and 4. The integration was carried over

grain sizes in the range of 10 µm to 1 cm. The average production rates of the four

radionuclides for γ = 3, R0 = 100 MV, and β = 3 and 4 are shown in Fig. 5.8b.

The energetic particle flux required for production of the short-lived nuclides,

26Al, 41Ca, 36Cl and 53Mn at the required level to match their observed abundances in

meteorite phases was estimated using the average production rates of these nuclides in

grain ensemble of 10 µm - 1cm. The meteoritic abundances were estimated from the

observed initial ratios of 5 × 10−5 for 26Al/27Al, 1.4 × 10−8 for 41Ca/40Ca and 10−6

for 36Cl/35Cl, respectively. In case of 53Mn, two initial values, 4.4 × 10−5 (Birck and

Allegre, 1985) and 3.6 × 10−6 (Lugmair et al., 1995) were used for initial 53Mn/55Mn.

The energetic particle flux needed for production of the radionuclides are expressed in

term of flux enhancement factor over the contemporary long-term, time averaged solar

energetic proton flux of ∼ 100 protons/cm2/sec (Reedy and Marti, 1991) for E > 10

MeV/amu obtained from lunar sample data. The flux enhancement factors are shown

in Fig. 5.9 as function of duration of irradiation by solar energetic particles.

The important results obtained from these calculations, that can be clearly seen

from Fig. 5.9 are:

(1) Co-production of 26Al along with any of the other radionuclides is not possible for

any enhancement factor irradiation time combination. Production of 26Al requires

at least one order of magnitude higher flux compared to the other nuclides.

(2) Co-production of the nuclides, 41Ca, 36Cl and 53Mn requires a flux enhancement
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of ∼ 104 over the contemporary average flux even for irradiation times longer than

a million year if we consider the higher initial 53Mn/55Mn value.

(3) For the lower value of 3.6 × 10−6 for initial 53Mn/55Mn (Lugmair et al., 1995),

production of 53Mn is possible even with a moderate flux enhancement of ∼ 1000

for an irradiation time scale of ∼ 1 Ma.

The above results coupled with our observation of correlated presence/absence of

41Ca and 26Al in individual refractory phases and inclusions from different meteorites,

show that we can rule out the cosmogenic production of these radionuclides by solar

energetic particles. The production of 26Al to match meteoritic observation will over-

produce 41Ca. In addition, the inferred flux enhancement factor for production of 26Al is

orders of magnitude higher than that inferred by Hohenberg et al. (1990) from studies

of solar flare irradiated olivine grains in CM chondrites and estimated indirectly from

studies of T Tauri stars (Gahm, 1989) that also suggest flux enhancement factors of the

order of 100-1000. Although it is difficult to rule out the possibility of a higher flux of

solar energetic particles at the time of formation of CAI from their precursor components

than at the time of irradiation of the olivine grains in CM chondrite, the problem of

co-production of 41Ca and 26Al remains. We therefore do not favour the proposal that

nuclear interactions by energetic particles from an active early Sun could be the cause

for the observed excess of 41K and 26Mg in the refractory phases and inclusions found

in the primitive meteorites. The possibility that 53Mn present in the early solar system

may be produced by solar energetic particles remain a viable suggestion if the lower

value for initial 53Mn/55Mn is proven to be correct by future experiments.

Irradiation in the proto-solar cloud

The recent discovery of enhanced γ ray flux from OB star formation region in the Orion

nebula (Bloemen et al., 1994) provides a direct measure of energy generation through
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nuclear processes in star formation regions. The measured flux of the γ rays from nuclear

deexcitation of 12C and 16O is hundred fold higher than previously predicted (Ramaty et

al., 1979) and suggests enhanced abundances of low energy cosmic ray carbon, oxygen

and other heavier ions in these regions. The sources of these particles inside the molecular

cloud are not unambiguously known but they could be T Tauri stars and mass ejecta

from stars or exploding supernovae. The possibility of production of different nuclides

in the proto-solar cloud, within such a molecular cloud complex, by reactions induced

by an enhanced flux of energetic ions and secondary neutrons has been proposed by

several authors (Clayton, 1994; Marti and Lingenfelter, 1995; Clayton and Jin, 1995b;

Ramaty et al., 1996). The detailed analysis carried out by Ramaty et al.(1996), who

have considered production of both light isotopes of Li and B as well as the extinct

nuclides, 26Al, 41Ca and 53Mn, indicate that it may be possible to produce the required

amount of 41Ca to explain the initial 41Ca/40Ca in meteoritic phases, while 26Al will be

under-produced as in the case of solar particle irradiation, discussed in the last section.

Unfortunately, Ramaty et al.(1996) assumed the initial ratios measured in the CAIs as

representative values for the proto-solar nebula which are not correct (particularly in the

case of 41Ca having a short mean life), unless one assumes that production continued

throughout the period of proto-solar cloud collapse and close up to the time of formation

of the CAIs. The inability to coproduce the two short-lived nuclides, 41Ca and 26Al in

their required amount also makes this model less attractive compared to the proposal of

injection of material from stellar sources in which some of the extinct nuclides could be

assumed to be cogenetic. Thus, injection of freshly synthesized material from specific

stellar site(s) into the proto-solar clouds remain the most viable process for explaining the

presence of the short-lived nuclides, and particularly 41Ca and 26Al, in the early solar

system. In the following, we consider the scenario of injection of freshly synthesized

41Ca and 26Al to the solar nebula from specific stellar sources, and the constraint on

time scales of processes that can be put from our observations.
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5.3 Extinct Radionuclides and Time Scales of Early

Solar System Processes

The presence of 41Ca, 26Al and several other short-lived now-extinct nuclides in the early

solar system has been established from isotopic studies of suitable phases from primitive

meteorites. These radionuclides can serve as useful chronometers of early solar system

processes. In particular, if we attribute the presence of these nuclide to injection of

freshly synthesized material from specific stellar source(s), we can estimate the value of

∆, the time interval between the injection of the short-lived nuclides to the solar nebula

and the formation of some of the first solar system solids (CAIs) in which their decay

products have been observed. Obviously the radionuclide with the shortest meanlife will

provide the most stringent constraint on the value of ∆. Prior to our work (Srinivasan

et al., 1994, 1996), 26Al (τ ∼ 1Ma) was the shortest lived radionuclide whose presence

in the early solar system was conclusively established. We have now shown that 41Ca,

that has a much shorter meanlife than 26Al, was also present in the early solar system.

Several stellar sources like novae, supernovae, Wolf-Rayet and asymptotic giant

branch (AGB) stars have been proposed as plausible candidates for production and late

injection of freshly synthesized matter containing these radionuclides to the solar nebula.

Cameron (1993) reviewed the plausible stellar sources of several short-lived nuclides that

were present in the early solar system.

In recent times, efforts have been made to identify suitable stellar source(s) where

several of these short-lived nuclides are co-produced and are then added to the solar

nebula in a manner that can lead to their observed abundances in the early solar system

objects (CAIs). The case for a thermally pulsing asymptotic giant branch (TP-AGB)

star as a source of several of the short-lived nuclides has been investigated in some detail

(Wasserburg et al., 1994). The production of 41Ca via neutron capture in the He shell of
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a low-mass TP-AGB star has also been investigated recently (Wasserburg et al., 1995),

and it appears to be a very plausible candidate for explaining the presence of the now-

extinct nuclides, 41Ca, 26Al, 60Fe and 107Pd in the early solar system. Production of 41Ca

in supernovae had been investigated earlier (Bodansky et al., 1968; Woosley et al., 1973)

and the Ca isotope production rates in supernovae have been updated recently (Weaver

and Woosley, 1993, Woosley and Weaver, 1995). Cameron et al. (1995) suggested a

supernova as a plausible source for several of the short-lived nuclides present in the early

solar system and have sought to revive the proposal of supernova trigger for the formation

of the solar system (Cameron and Turan, 1977). As our data suggest a correlated

presence of 41Ca and 26Al in refractory phases, we now consider the constraint that we

can place on the time interval ∆ as well as on the plausible stellar site(s) where these two

short-lived nuclides could have been produced before being injected into the solar nebula.

Obviously we need to know the production ratios (P) of (26Al/27Al) and (41Ca/40Ca) in

the various stellar sites to carry out this exercise. The estimated P(26Al/27Al) values

are (see also Clayton and Leising, 1987) :

(i) explosive nucleosynthesis in supernovae; P ∼ 4 × 10−3 to ∼ 2 × 10−2 (Woosley

and Weaver, 1980, 1995),

(ii) hydrostatic carbon burning in massive stars; P ∼ 10−3 (Arnett and Wefel, 1978),

(iii) high temperature H-burning in novae and asymptotic giant branch stars; P ∼ 0.1

to 20 (Hillebrandt and Theileman, 1982, Cameron, 1985, Wiescher et al., 1986;

Wasserburg et al., 1994),

(iv) Wolf-Rayet star (core H-burning): P (ejecta) ∼ 0.05 (Dearborn and Blake, 1985;

Walter and Maeder, 1989).

While the production ratio of (26Al/27Al) varies over a wide range (∼ 10−3 to ∼ 20), the
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situation in the case of 41Ca, is much better. The nucleosynthetic processes that have

been considered for production of 41Ca and corresponding P(41Ca/40Ca) are:

(i) explosive oxygen burning; P ∼ 1.5 × 10−3 (Woosley et al., 1973),

(ii) explosive silicon burning; P ∼ 10−3 (Bodansky et al., 1968).

(iii) explosive supernovae nucleosynthesis; P ∼ (0.6-2.8) × 10−3 (Weaver and Woosely,

1993; Woosley and Weaver, 1995)

(iv) nucleosynthesis in TP-AGB stars; P ∼ 1.0 × 10−2 (Wasserburg et al., 1995)

(v) Wolf-Rayet stars (core He-burning); P(ejecta) ∼ 3 × 10−3 (Dearborn and Blake,

1988).

The production ratio for 41Ca is thus more tightly constrained than that of 26Al and

ranges from ∼ 10−3 to 10−2.

It is possible to obtain the value of ∆ based on the theoretically estimated pro-

duction ratio and measured initial ratio for any one pair of these isotopes, if we have a

priori knowledge of the dilution factor, i.e., the amount of dilution of the freshly injected

material containing the radionuclide (41Ca or 26Al) and its stable counterpart (40Ca or

27Al), with the pre-existing material in the proto-solar cloud containing only the stable

nuclides and devoid of the short-lived species. Unfortunatly, there is no simple way of

rigorously estimating this dilution factor and one can only obtain approximate values

using meteorite data for the somewhat longer-lived isotopes 107Pd (τ ∼ 10Ma) and 129I

(τ ∼ 23Ma) (see, e.g., Cameron, 1985; Cameron et al., 1993; Wasserburg et al., 1994),

and assuming that they were also introduced into the solar nebula by the same event.

We can circumvent the difficulty of estimating the dilution factor and derive a self

consistent value of ∆ by combining data for two short-lived nuclides that were present in
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the early solar system and were injected to the solar nebula from the same stellar source.

The correlated observation of excess 41K and 26Mg in refractory phases and CAIs makes

41Ca and 26Al a suitable pair for such an analysis and we can consider several sources

(supernova, TP-AGB star and Wolf-Rayet star) as being responsible for injecting freshly

synthesized 26Al and 41Ca to the solar nebula. If we assume that the dilution factor is

similar for both the nuclides, we get the following expression for ∆:

∆ = −
1

λi − λj

· ln

[

Mi

Pi

·
Pj

Mj

]

(5.3)

where Pi and Pj refer to stellar production ratios, Mi and Mj refer to measured ratios

in CAIs, and λi and λj refer to the decay constants of the two short-lived nuclides.

Obviously, one can use the value of ∆, obtained from a given (Pi, Pj) combination,

specific to a particular stellar source, to infer a self consistent value for the dilution

factor. Using the measured initial ratios (M) of 5 × 10−5 and 1.4 × 10−8 for (26Al/27Al)

and (41Ca/40Ca), respectively, and the production ratios (P) noted earlier, we obtain

the following solution for different stellar sources:

(i) Supernova: ∆ ∼ 0.8 to 1.4 Ma; D (Dilution factor) ∼ 180 to 20,

(ii) TP-AGB star: ∆ ∼ 0.6 Ma; D ∼ 10,000, and

(iii) Wolf Rayet star: ∆ ∼ 1 Ma; D ∼ 400.

It should be noted that both in the case of TP-AGB and Wolf-Rayet star the

production of 26Al and 41Ca takes place in different regions of the evolving star and

over extended periods. 26Al is synthesized during H-shell burning (TP-AGB)/core

H-burning(WR), and 41Ca is synthesized during He-shell burning(TP-AGB)/core He-

burning(WR). It is therefore necessary to take into account the ratio of nucleosynthetic

products from these two source regions that finally reach the outer envelope and get
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ejected while evaluating the value of ∆. This ratio is close to unity (0.7 to 2) for TP-

AGB star (Wasserburg et al., 1994). In the case of Wolf-Rayet stars we have used the

time averaged values for the abundance ratios of these nuclides in the ejected material

(Dearborn and Blake, 1985, 1988). As already noted, the effective production of 41Ca in

TP-AGB star would also be somewhat lower than the values noted above as its produc-

tion persists over a period, comparable to its mean life, and one has to take into account

the decay of 41Ca during this duration (Wasserburg et al., 1995).

Although the ∆ values deduced above cluster around a narrow range (0.6 to

1.4Ma), irrespective of the stellar source, the corresponding dilution factor varies over

an extremely wide range (20 to 10,000). For example, if we consider a TP-AGB star

as the source for 41Ca and 26Al in the early solar system, this event need to supply

only ∼ 0.01 percent of the stable nuclide component in the solar system, which appears

quite reasonable. Such a star can contaminate about 100 M⊙ of the molecular cloud

with its ejecta in the form of AGB wind/planetary nebula during the final stages of its

evolution. Although the probability of such an event taking place during the life time

of a molecular cloud is rather low because of the longer time scale for evolution of AGB

stars (few billion years) compared to the typical life time of molecular clouds (few tens

of million year), the possibility of an AGB association with a molecular cloud cannot

be ruled out. Based on observational data, the probability of such an association has

been estimated to be ∼ 1 % in a million year (Kastner and Myers, 1994); and over the

life time of a molecular cloud, this probability could be much higher. A close encounter

between an AGB star and the proto-solar cloud could have resulted in injection of the

radionuclides, 41Ca and 26Al into the proto-solar cloud and might have also triggered

the collapse of the proto-solar cloud (see e.g., Cameron, 1993).

On the other hand, if we take supernova as a plausible source, the same event

need to supply more than one percent of the stable nuclides in the solar system, and
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in particular those of Mg, Al, K and Ca. Cameron et al.(1995) have recently suggested

that freshly synthesized supernova material will get diluted to different extent during

the ‘post-explosion fall back’ event, leading to an effectively higher production of 26Al

compared to the other short-lived nuclides. In fact they concluded that supernova as-

sociated with a massive star, initially going through a Wolf-Rayet stage, could be a

plausible source for several of the observed short-lived nuclides, including 41Ca and 26Al,

in the early solar system. In addition, such an event taking place even at a distance

of 2-10 parsec from the proto-solar cloud could in principle trigger the collapse of the

proto-solar cloud. An added advantage of considering a supernova as a source is its capa-

bility to synthesize the short-lived nuclide 53Mn that was also present in the early solar

system (Birck and Allegre, 1985; Lugmair et al., 1995) and which cannot be synthesized

in TP-AGB stars.

Irrespective of the problem of identification of the exact stellar source of the

freshly synthesized 26Al and 41Ca, the presence of 41Ca in the early solar system, and

the observed correlation of 26Al and 41Ca in refractory phases and CAIs have tightly

constrained the time interval ∆ between the last injection of freshly synthesized matter

to the solar nebula and the formation of the first solar system solids (CAIs) to < 1Ma

with a plausible value of ∼ 0.6Ma. The relatively small value of ∆ obtained by us is not

inconsistent with the observation of the extinct nuclide 60Fe (τ ∼ 2.2Ma) in differentiated

meteorites (Shukolyukov and Lugmair, 1993a, b; Lugmair et al., 1995) which suggest

that the time interval between the isolation of the solar nebula and the formation of

large (≫km-sized) objects and their subsequent heating, melting and recrystallization

is < 6 Ma (Lugmair et al., 1995). It should be noted that the small value of ∆ also

places a very strong constraint on the dynamical evolution of the solar system, as it also

provides the upper limit on the time scale for the collapse of the proto-solar cloud to

form the Sun. If we assume a “free-fall” time scale for collapse, the deduced value of <

1 Ma for ∆ suggests a rather dense proto-solar cloud with nH ∼ 104 cm−3, from which
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the Sun and the solar system have evolved.
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Chapter 6

Heat Source for Early Thermal
Processing of Meteorite Parent
Bodies: The case for 26Al

In this chapter, the implications of the results obtained from the measurements of Mg

isotopic composition in igneous, non-refractory phases from different chondritic mete-

orites are discussed to assess the plausible role of 26Al as a heat source for the early

thermal metamorphism/melting of meteorite parent bodies. Presence of live 26Al in

sufficient amount at the time of formation of these non-refractory phases, will provide

evidence for 26Al as a primary heat source for thermal processing of meteorite parent

bodies. In order to interpret the results obtained in this study, a quantitative discussion

on the magnitude of heat production in meteorite parent bodies as function of their size

and initial 26Al abundance is presented.
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6.1 Heating of Meteorite Parent Bodies by 26Al:

Numerical Estimates

The magnitude of thermal processing in a meteorite parent body due to radioactive

heating by 26Al depends on the initial abundance of 26Al and the size of the body. Here

we estimate the abundance of initial 26Al (relative to its stable counterpart 27Al) required

to induce varying dergrees of thermal metamorphism and/or melting of planetesimals

that acted as meteorite parent bodies. This is based on the results obtained by solving

the heat conduction equation (6.1) for a sphere with an exponentially decaying heat

source term.

1

K

∂T

∂t
=

∂2T

∂r2
+

2

r

∂T

∂r
+

Qρ

k
e−λt (6.1)

where, K =
k

ρc
is the thermal diffusivity, with k and ρ, the thermal conductivity and

specific heat, respectively. Q is the heat generation rate and λ is the decay constant of

radionuclide.

The heat conduction equation was solved numerically by using finite difference

method with non-radiative boundary condition. Temperature profiles inside meteorite

parent bodies of chondritic composition and of varying sizes and initial 26Al/27Al were

calculated (Fig. 6.1 to 6.3). The calculations were carried out by taking into account the

non-linear dependence of thermal diffusivity and specific heat on temperature (Yomogida

and Matsui, 1983). In the finite difference approach, temperature was estimated at each

step of the calculation by using the values of thermal diffusivity and specific heat at that

time and space coordinates.
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The maximium central temperature attained in a meteorite parent body as a

function of its size and initial abundance of 26Al is shown in Fig. 6.1a. The results

obtained from these calculations differ significantly from those obtained by taking tem-

perature independent thermal diffusivity and specific heat (Fig 6.1b), and we consider

here the temperature dependent solutions. The minimum value of initial 26Al/27Al (as-

suming a chondritic abundance for 27Al) required to induce varying degrees of thermal

metamorphism seen in ordinary chondrites (T ∼ 400o-950oC) near the central region of

a parent body, is ∼ 4 - 9 × 10−6, whereas, an initial value of ≥ 1 × 10−5 is required to

initiate melting (T ≥ 1000oC) in the central region of the body, if the radius is greater

than 30 km. For radius greater than 30km, the maximum temperature attained in the

central region of the body is independent of its size.

The temperature-time profile for a chondritic body of radius 100 km for an initial

26Al/27Al of 1 × 10−5 is shown in Fig. 6.2a. As can be noted from the figure, such a body

will be heated to temperature greater than 1000oC (except for the outer 20 km layer)

that can result in partial melting of the object. However, for lower initial 26Al/27Al or

for bodies of smaller radius (≤ 40km), the temperature may not be sufficient for melting,

even though it could be sufficient to initiate thermal metamorphism. For example, only

the core region of a 40 km chondritic body with an initial 26Al/27Al of 1 × 10−5 (similar

to the case just considered) will be heated to a temperature of ∼ 1000oC while the outer

20 km of the object will experience temperature ≤900oC (Fig. 6.2b). Even for a large

object of radius 100 km with low initial 26Al/27Al of 8 × 10−6, only the central region

will be heated to temperature greater than 600oC for 2 to 5 Ma (Fig. 6.3). Obviously,

these temperatures are insufficient for melting of silicates, but they can cause varying

degrees of thermal metamorphism generally observed in chondritic meteorites. Thus, in

general, initial 26Al/27Al of ≥ 4 × 10−6 is needed for inducing thermal metamorphism

in a chondritic parent body while an initial ratio of > 10−5 is needed to induce melting

of the body.
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Figure 6.1: Maximum central temperature attained in meteorite parent body as func-
tion of its size and initial abundance of 26Al assuming temperature dependent thermal
diffusivity (κ) and specific heat (Fig. a) and constant thermal diffusivity (κ ∼ 0.007
cm2/s; Fig. b).
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Figure 6.2: Temperature-time profile at different depths from surface for a chondritic
body of radius 100 km (Fig. 6.2a) and 40 km (Fig. 6.2b), for initial 26Al/27Al = 1 ×

10−5.
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10−6.
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6.2 26Al as a Heat Source: Meteoritic Evidence

The results obtained from the magnesium isotopic studies of plagioclase phases of igneous

inclusions from several chondrites (Fig. 6.4) indicate absence of excess 26Mg in most of

the analyzed phases except for a marginal evidence in a few cases. These include an

Al-rich phase in the silica bearing inclusion from the Dengli chondrite, a plagioclase from

Tsarev, and two anorthite grains from the Kaidun meteorite. While the experimental

uncertainities of the measured initial values in the first two cases are rather large and an

excess in 26Mg cannot be established conclusively, the data for the two anorthite grains

from Kaidun clearly show an excess. However, these anorthite grains, hand-picked from

this multi-component meteorite breccia, may not be representative products of large

scale thermal processing and could be fragments of Ca-Al-rich inclusions (CAIs) present

in the CM component of this meteorite. As already noted in the introduction, there

is abundant evidence for 26Mg excess in CAIs that are believed to be some of the first

solids to form in the solar system. In addition, not all of the anorthite grains analyzed

from Kaidun show 26Mg excess. Thus, we at best have a few grains with an upper

limit of 1×10−6 for initial 26Al/27Al and the bulk of the analyzed grains do not show

any detectable 26Al at the time of their formation. Our data therefore do not provide

definitive evidence for the presence of residual 26Al at the time of formation of the

igneous, non-refractory components from the different chondritic meteorites analyzed

by us.

Earlier efforts by Hutcheon et al. (1994) and Hutcheon and Jones (1995) to

detect excess 26Mg in Al-rich phases of chondrules and igneous inclusions also yielded

negative results. However, Russel et al. (1996) have recently reported observation of

26Mg excess in chondrules from the chondritic meteorites, Inman and Chainpur, with

an inferred initial 26Al/27Al values of (9.4 ± 6.3) × 10−6 and (7.9 ± 2.1) × 10−6,

respectively. Chondrules are believed to be products of rapid crystallization of melt
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droplets produced in a nebular environment and most probably formed after the CAIs,

but before the meteorite parent bodies. One would therefore expect 26Mg excess in

chondrules, if the distribution of 26Al was widespread in the solar nebula, and the initial

26Al in chondrule could be an upper limit on the initial abundance of this nuclide at

the time of formation of meteorite parent bodies. In the following we consider several

possible alternatives that may explain the negative results obtained by us.

1. The time scale for formation of the analyzed igneous, non-refractory phases

were much longer (several Ma) and magnesium isotopic exchange between the analyzed

Mg-poor (Al-rich) phases with co-existing Mg-rich phases was pervasive during this pro-

tracted period. Thus the closure of Mg-Al isotopic system in the analyzed objects took

place at a time when residual 26Al was extremely small, leading to a barely detectable

26Mg excess. For example, a solar system (CAI) initial 26Al/27Al of 5 × 10−5 would

decrease to less than 1 × 10−6 within 4 Ma which is difficult to detect for phases with

Al/Mg ratio of less than a few hundred, typical of the plagiclase grains analyzed by us.

2. The analyzed phases experienced Mg isotopic redistribution and/or exchange

with a reservoir of normal isotopic composition during their evolution in the meteorite

parent body at a later time. The lower 26Al/27Al found in many of the petrographi-

cally altered CAIs compared to the generally accepted solar system initial value of 5

× 10−5, characteristic of petrographically unaltered CAIs, has been attributed to such

exchange/redistribution of Mg isotopes during the processes leading to the observed

petrographic alteration (e.g., Podosek et al., 1991; Goswami et al., 1994; MacPherson

et al., 1992, 1995). Thus, it is possible that the Al-rich silicate phases analyzed by us

have undergone secondary alterations following their formation resulting in Mg-isotopic

reequilibration to the observed normal values. Such an exchange/redistribution is pos-

sible if the analyzed phases were derived via recrystallization of Al-rich glassy material

during a late stage thermal event in a meteorite parent body (e.g., McSween and Grimm
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1994).

3. 26Al was not the primary heat source for early melting of planetesimals. If

true, this points towards the need for quantitative study of other physical processes, e.g.,

induction heating of planetesimals by strong protosolar wind from the active early Sun

(Herbert et al., 1991; Wood and Pellas, 1991), proposed in this regard.

An extended time scale of several million years for the formation of chondrules

following CAI formation has been favored by several authors to explain the absence/low

abundance of 26Mg excess in chondrules from low metamorphic grade chondrites (Hutcheon

et al., 1994; Hutcheon and Jones, 1995; Russell et al., 1996). As the chondrules were

formed prior to the formation of meteorite parent bodies, their formation time scale can

be taken as lower limit for the accretion time scale of meteorite parent bodies. Thus

time scale for accretion of planetesimals appears to vary over ∼ 2.5 - 5 Ma. The initial

26Al/27Al will be ∼ 5 × 10−6 in the first case, which can induce thermal metamorphism

in meteorite parent body, while the longer time scale indicate initial 26Al/27Al of < 10−6,

not sufficient to cause thermal metamorphism.

The duration of thermal metamorphism/melting in meteorite parent bodies is

also an important factor that may result in the observed absence of 26Mg excess in the

analyzed phases. If we consider an initial value of 1 × 10−5 for 26Al/27Al at the time

of formation (accretion time ∼ 1.6 Ma) of a 100 km planetesimal, the central 70 - 80

km of the body will be raised to temperature > 1000oC in 3 Ma (Fig. 6.2a). The

partial melt produced as a result of this heating will have an initial 26Al/27Al value of

< 1 × 10−6 and only if the melt cools quickly, there is a chance of detecting excess in

26Mg. However, on the basis of cooling rates inferred for the central 80 km region of

such a planetesimal (Fig. 6.2a), the cooling-off rate appears to be rather slow and we

need to invoke other physical processes for extraction of the melt from the interior, e.g.,

impact triggered extraction of melt (Scott et al., 1989) to see preserved records of 26Al
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in the recrystallized phases. Thus, even if 26Al was the primary heat source for thermal

processing of meteorite parent bodies, a delayed Mg-Al closure of igneous, non-refractory

inclusions could have resulted in absence of 26Mg excess in the phases analyzed by us.

In summary, no definite evidence for the presence of residual 26Al at the time

of formation of igneous components from several chondritic meteorites have been found

to support the case of this short-lived nuclide as the primary heat source for the early

melting of planetesimals. The absence of 26Mg excess in most of the analyzed objects

may be attributed to an extended period (> 5 Ma) of formation and thermal processing

of meteorite parent bodies. A strong case for 26Al as the heat source for early thermal

processing of planetesimals remains inconclusive.
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Chapter 7

Summary and Conclusions

The main emphasis in this thesis work was to look for the widespread presence of 41Ca

in refractory phases from different meteorites in the early solar system, and to infer

its relation with the presence/absence of 26Al in these phases. Because of their short

mean lives, these two nuclides can put very stringent constrain on the time scale for the

formation of the Sun and the earliest solar system solids. In addition, we have analyzed

several igneous, non-refractory phases from various chondrites to look for the presence of

26Al. One time presence of 26Al in these phases will support the role of this radionuclide

as a potential heat source for the thermal processing of the meteorite parent bodies.

The most important results obtained from these studies are:

(1) The one time presence of 41Ca was found in refractory phases from the three

meteorites, Murchison, Allende and Efremovka. An initial value of (1.38 ± 0.13)

× 10−8 for 41Ca/40Ca at the time of formation of these refractory phases has been

established from our data.

(2) We have shown for the first time correlated presence/absence of the two short-

lived nuclides, 41Ca and 26Al, based on the study of individual refractory phase

(hibonite) from Murchison, Allende and Efremovka meteorites. They were found
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to be either present with their characteristic initial values of ∼ 1.4 × 10−8 for

41Ca/40Ca and ∼ 5 × 10−5 for 26Al/27Al or absent/occur in extremely low abun-

dances.

(3) The search for the one time presence of 26Al in igneous, non-refractory phases from

several chondrites did not yield any positive evidence for its role as a heat source

for thermal processing of meteorite parent bodies.

The widespread presence of 41Ca in the region of formation of refractory phases

found in the three meteorites, Murchison, Allende and Efremovka puts a stringent limit

on the time scale for the collapse of proto-solar cloud to form the Sun and some of

the first solar system solids, represented by these refractory phases. In addition, the

correlated presence of the two short-lived nuclides, 41Ca and 26Al suggests that they

are co-genetic. This allowed us to infer their most plausible source(s) from among

the various sources proposed so far. “Fossil” origin (via stardust) of 41Ca as well as its

cosmogenic origin due to interactions of secondary neutrons during cosmic ray exposures

of meteorites in the interplanetary space can be ruled out. Production of 41Ca and 26Al

in the nebula by energetic particle irradiation from an active early Sun or by energetic

heavy ions from stellar sources in the proto-solar cloud also seems to be unlikely. Our

detailed calculations of production of the radionuclides, 41Ca, 26Al, 36Cl and 53Mn by

solar energetic particles show that co-production of 26Al and other radionuclides is not

possible as the former requires more than an order of magnitude higher energetic particle

flux compared to the rest, if we wish to match the meteoritic observations. In addition,

the inferred enhancement factors of 104 to 105 for energetic particle flux from the active

early Sun required for production of the radionuclides in their requisite amounts is

also orders of magnitude higher than the enhancement factor inferred from studies of

cosmogenic records in olivine grains in CM chondrites that were exposed to solar flare

irradiation from an early Sun. We, therefore, rule out cosmogenic production of 41Ca
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and 26Al, and injection of freshly synthesized material from specific stellar site(s) into

the proto-solar cloud remains the most viable mechanism for explaining their presence

in the early solar system. Among the various stellar sources, theoretical calculations for

the production of short-lived nuclides in an AGB star, Wolf-Rayet star and supernova

have been worked out in details. Based on the production rates of 26Al and 41Ca,

the time interval between the synthesis of these nuclides in specific stellar site(s) and

the formation of some of the earliest solar system solids (where the presence of these

radionuclides have been found) turns out to be ∼ 1 Ma. This would be the upper limit

for the formation time scale of the Sun via the collapse of the proto-solar cloud. Among

the three stellar sources that have been proposed as the source of these two radionuclides

an AGB star seems to be a more plausible source.

The present effort to look for the presence of ‘live’ 26Al at the time of formation of

igneous, non-refractory phases from various chondrites belonging to different groups did

not provide positive evidence for the role of 26Al as a heat source for thermal processing

of meteorite parent bodies. The absence of signatures of ‘live’ 26Al in these phases

combined with the results of our model calculations for heat generation by 26Al in

meteorite parent bodies suggest an extended period (> 5 Ma) of evolution, after which

the closure of Mg-Al isotopic system took place in the analyzed phases. This could mean

that formation and/or thermal processing of meteorite parent bodies occured over this

time scale. The possibility that 26Al is not the primary source for thermal processing of

meteorite parent bodies cannot be ruled out completely.

7.1 Scope of future work

Short-lived nuclides present in the early solar system have played a major role as

chronometers of various processes that occured during the formation of the solar system.
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These processes include the collapse of the proto-solar cloud to form the Sun, conden-

sation of the earliest formed solar system grains, formation and subsequent thermal

metamorphism and differentiation of planetesimals, and the formation of Earth’s core

and origin of the Moon. The present study mainly addresses the problem of plausible

source(s) of the short-lived nuclides and the time scale for the formation of some of the

first solar system solids. An attempt has also been made to obtain evidence for the role

of the short-lived nuclides as heat source for early thermal processing of meteorite parent

bodies. Several aspects of these studies that need further attention are briefly outlined

below.

(1) In the present study, a limited number of refractory phases from primitive me-

teorites were analyzed to look for correlated presence of the radionuclides, 26Al

and 41Ca. The initial 41Ca/40Ca values for the refractory phases from three dif-

ferent meteorites, Allende, Efremovka and Murchison are nearly the same, within

our experimental uncertainties, indicating that all of them formed within a very

short time span of < 0.1 Ma. All these analyzed phases also have initial 26Al/27Al

values close to the canonical value of 5 × 10−5. To put the observed correlation

between 41Ca and 26Al on a firm footing it will be extremely useful to analyze re-

fractory phases with well defined Mg-Al isotopic systematics, but with lower initial

26Al/27Al of ≤ 3 × 10−5, where 41Ca will be below detection limit.

(2) The time scale of < 1Ma, with a plausible value of 0.6 Ma, inferred by us for the

formation of the earliest solar system grains can be considered as the upper limit

of time scale for the formation of the Sun. This imposes important constraints on

the theoretical models for the formation of the solar system, and also for stars of

about 1 M⊙. For example, the time scale of 0.6 Ma would imply a rather dense

proto-solar cloud with density nH ∼ 104/cc, even if we consider free-fall time for

collapse. The dynamical plausibility of injection of freshly synthesized material
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via AGB-wind or supernova ejecta into such a dense cloud need to be worked out.

The various aspects of the formation of the solar system, e.g., the dynamics of the

proto-solar cloud collapse, the evolution of solar nebula and the formation of the

earliest solar system solids also need to be reviewed in the light of present results.

(3) The presence of the short-lived nuclides, 41Ca in the early solar system, strongly

suggest the possible presence of the radionuclide 36Cl (τ ∼ 0.43 Ma) as well. Excess

in 36Ar has been observed recently in Efremovka meteorite by Murty et al. (1997),

which they attribute to the presence of 36Cl in the early solar system. They have

also suggested a time scale of ∼ 1Ma for the formation of some of the first silicate

grains in the solar nebula which is consistent with the time scale for the formation

of CAI deduced by us. Further experiments are needed to confirm the observation

made by Murty et al. (1997), and in particular, to establish a correlation between

the observed excess of 36Ar and the content of Cl (the parent element) in the

samples. The absence of measured cross sections for 36Cl production also need

further attention.

Another important radionuclide whose presence in the early solar system has been

found is 182Hf (Harper et al., 1991; Lee and Halliday, 1996). 182Hf decays to

182W with a mean life of 13 Ma. Because of the different chemical properties of

hafnium (Hf) and tungsten (W), Hf being a lithophile element, whereas, tungsten

(W) being a moderately siderophile element, the Hf radionuclide can be used as

a chronometer for iron-silicate differentiation in planetesimals. The recent study

of Lee and Halliday (1996) suggests that the iron meteorites formed within a few

million years following the formation of the chondritic meteorites. Attempts have

also been made to determine the time scale for the formation of the Earth’s core and

the origin of Moon (Lee and Halliday, 1995). More work on this new chronometer

that can bridge the gap between 53Mn and 129I will be very useful.

The possibility that an AGB star could be the source of several of the s-process
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nuclides like 41Ca, 60Fe and 107Pd (Wasserburg et al., 1994, 1995) also indicates

the possibility of excess in 99Ru in early solar system phases from the decay of the

short-lived nuclide, 99Tc (τ ∼ 0.29 Ma). 99Tc is an important nuclide because it is

a characteristic s-process product that has been observed directly in atmospheres

of red-giants going through the AGB phase. An indications of 99Ru excess in

sample of the carbonaceous chondrite Maralinga was reported by Yin et al. (1992);

however, firm evidence for the one time presence of 99Tc is still awaited. If detected,

it may play a key role in establishing AGB star as the source of most of the short-

lived nuclides present in the early solar system.

(4) Initial abundance of 53Mn at the time of CAI formation needs to be re-assesed. At

present, we have two initial values for 53Mn/55Mn, 4.4 × 10−5 (Birck and Allegre,

1985), based on measurements of CAI and bulk samples of primitive meteorites,

and 3.6 × 10−6 (Lugmair et al., 1995) measured in Eucrites, which would imply

a back extrapolated value of ∼ 7 × 10−6 for CAIs. As discussed in chapter 5, if

the lower value of initial 53Mn/55Mn is correct, production of 53Mn in the early

solar system by solar particle irradiation appears to be plausible as it requires only

a moderate flux enhancement factor of ∼ 1000 from an active early Sun for an

irradiation time of ∼ 1 Ma. In addition, 53Mn is also a key nuclide as it can be

produced only during supernova nucleosynthesis. Thus, if 53Mn present in the early

solar system has to be attributed to a stellar source, we definitely need contribution

from a supernova to the proto-solar cloud even though a TP-AGB star appears

to be the most plausible source for the short-lived nuclides, 41Ca, 26Al, 60Fe and

107Pd (Wasserburg et al., 1994, 1995).

(5) Regarding the role of 26Al as a potential heat source for thermal processing of

meteorite parent bodies, additional well documented non-refractory samples from

meteorites need to be analyzed. In this respect, the absolute/relative age determi-

nation of these phases using other chronometer would be quite useful in calibrating
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the 26Al systematics.

Eventhough 26Al appears to be the most likely heat source for thermal processing

and differentiation of meteorite parent bodies, the absence of concrete experimental

evidence to support this possiblity points towards the need for more indepth study

of other suggested heat sources, e.g., induction heating of meteorite parent bodies

by strong solar wind from an active (T Tauri) early Sun.
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Göbel R., Begemann F., and Ott U. (1982) On neutron-induced and other noble

gases in Allende inclusions. Geochim. Cosmochim. Acta 46, 1777-1792.
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Manhès G., Göpel C. and Allègre C. J. (1988) Systematique U-Pb dans les in-
clusions refractaries d’Allende: le plus vieuse materiau solaire. C. R. ATP
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