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ABSTRACT 

The Production of Meteoritic Anomalies via Proton Irradiation 

Marlene Dziczkaniec 

Proton bombardment of the solar nebula is investigated 

as a means for the production of observed meteoritic anom¬ 

alies in the elements neon and magnesium. Condensation of 

nebular gas during the irradiation provides the means for 

26 22 transporting Al and Na formed in the gas to the solid 

26 22 phase where decay to Mg and Ne occurs. Each element is 

assigned an independent condensation rate, and isotopic 

ratios in both the gas and condensing solid are monitored. 

Results indicate that it is possible to specify a set of 

parameters that would produce the observed anomalies in both 

26 22 Mg and Ne without disturbing other isotopic ratios. The 

required condensation rates seem to agree with current models 

of the condensation of a cooling gas of cosmic composition. 

In addition, the irradiation model is capable of producing 

2 6 the negative Mg anomalies that have currently been deduced 

from the analysis of meteorite inclusions. 
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I. Introduction 

Meteorites provided information about the composition 

of extraterrestrial solid material before man developed the 

technology to sample parts of the solar system other than 

the earth. The age of meteorites as determined from radio¬ 

active isotope studies indicates that meteorites were 

formed long before any geologic structure in the earth's 

crust and thus provide a more ancient record than that 

obtainable from the earth itself. Estimates of elemental 

cosmic abundances from theories of nucleosynthesis corre¬ 

late well with analyses of the composition of certain 

meteorites, indicating that these meteorites contain a 

record of conditions at the time of formation of the solar 

system. 

Differences in basic composition allow meteorites to 

be divided into groups according to iron content. Those 

meteorites containing the smallest relative amounts of 

iron, the stony meteorites, are divided on the basis of 

internal structure into chondrites and achondrites» 

Chondrites contain spherical aggregates approximately 1 mm 

in diameter, called chondrules, while achondrites do not 

contain chondrules» One particular type of chondrite is 

especially interesting because meteorites in this group 

contain abundant organic compounds of extraterrestrial 

origin.. These meteorites, the carbonaceous chondrites, 
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are further categorized into three types according to the 

amount of organic material they contain. The group richest 

in carbon is Type I with 3% to 5% combined carbon and 

20% combined water present (Mason, 1963, 1967). Meteorites 

belonging to Type II and Type III contain 1-3% and < 1% 

carbon by weight, respectively (Wiik, 1956), and 10-15% 

and 2% combined water (Mason, 1963). The Type I carbonaceous 

chondrites contain elemental abundances which correlate 

very well with solar photospheric abundances, indicating 

a composition which approximates the primordial nonvolatile 

matter of the solar system. 

Isotopic anomalies found in meteorites are, by defini¬ 

tion, relative abundances of isotopes which are not at 

present understood. In most cases, experimental analysis 

of samples of material from the solar system yield isotopic 

and elemental abundances that can be explained in terms of 

processes such as chemical reactions, physical mixing, and 

mass fractionation acting on the original end products of 

nucleosynthesis. Measured elemental or isotopic composi¬ 

tions that cannot be related to the composition of other 

solar system material by any known process or combination 

of events constitute anomalies. The characteristics of 

observed anomalies are as diverse as the elements that 

exhibit them. An anomaly can be either an enrichment or 

a depletion of an isotope, it may be prevalent in a single 

mineral or occur in gas released in a certain temperature 

interval, and the magnitude of the anomaly can range 
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from less than one percent to factors of 10. to 20» 

The special conditions necessary to create an ob^~ 

served anomaly from normal solar system abundances can 

be assumed to have existed in the primordial solar 

nebula. In addition to providing information about condi^ 

tions in the primordial solar nebula, isotopic anomalies 

place constraints on events in the early solar system. 

Any process of solar system formation that predicts 

anomalies which are not observed was either overwhelmed 

later by chemical reactions or other events, or simply 

did not operate. One possible mechanism which has been 

proposed to explain certain isotopic anomalies is a 

proton bombardment of the solar nebula. The products 

of nuclear reactions induced by the proton irradiation 

can act as very small perturbations to the normal 

isotopic composition which may or may not be observed in 

available samples. In this dissertation the consequences 

of a proton irradiation of the condensing solar nebula 

are explored and specific attention is given to creation 

of known anomalies in neon and magnesium» 



4 

II. Background 

Anomalies with unique isotopic signatures have been 

reported in elements ranging from oxygen to mercury. 

Table II-l contains a list of some anomalies observed in 

meteorites along with brief descriptions and references. 

The second and third are of particular interest here. In 

both the neon and magnesium anomalies it is the heaviest 

isotope which is enriched relative to the two lighter 

isotopes. Although greatly dissimilar in chemical 

properties, zNe and °Mg are both positron decay products 

00 0 fi 
of the radioactive nuclei Na and Al, respectively. 

This fact will be crucial in examining the possibility 

that a proton irradiation of the solar nebula produced 

the anomalies in neon and magnesium which are observed. 

II-l. Historical Survey of Meteoritic Neon 

As a result of their chemical inertness and relatively 

low abundance in most meteorites, the noble gas elements are 

important indicators of the environment in which the meteor¬ 

ites formed. The isotopic composition of noble gases in 

meteorites can be directly determined by mass spectrometry. 

Since noble gases do not enter into chemical reactions, 

isotopic anomalies found in noble gas composition must be 

due to simple physical processes without regard for chemical 
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Table II-l. 

22 

Anomaly Description 

160 Variations of ratio in 
separated components of carbo¬ 
naceous chondrites point to in¬ 
clusion within the meteorites 
of a component containing al¬ 
most pure The anomaly may 
imply incorporation of grains 
enriched in Ify) or the mixing of 
an l^O-rich reservoir with the 
solar nebula. 

2 0 22 Ne Isotopic ratios of Ne/ Ne as 
low as 1.5 have been measured 
in carbonaceous chondrites. 
Terrestrial atmospheric and 
lunar 20ue/

22Ne ratios are ~ 12, 
implying the addition of pure 
22Ne to the meteorites. 

Mg Excess °Mg is measured in 
Allende chondrules that contain 
normal (relative to terrestrial) 
values of 2^Mg/2^Mg. Since 
aluminum content correlates with 
the excess 2^Mg, the excess is a 
attributed to the decay of 
26A1. 

196 Hg Hg is measured m some 
chondrites to be depleted rela¬ 
tive to 2®2Hg as compared with 
solar system values. The 
2®2Hg/1^6iig ratio is measured 
to vary from ™ 10% to as much 
as a factor of 22. The ex¬ 
cess 202Hg may be the result 
of 202pb decay in the chondrites 

26 

196 

CCFXe "carbonaceous chondrite fission 
Xenon" Enrichment of both heavy 
and light isotopes of Xenon 
are found in etched samples of 
chromite from Allende. Fission 
explains the heavy isotope en¬ 
richment qualitatively, but the 
enrichment of the light isotopes 
is not completely understood. 

* 129 129 Note Xe from I and fission Xe from 
been listed as "anomalies" because their 
understood and widely accepted. 

References 

Taylor et al. 
(1965) 
Clayton, Grossman 
and Mayeda (1973) 
Clayton, Onuma and 
Mayeda (1976) 

Black and Pepin 
(1969) 
Black (1972a, b) 
Eberhardt (1974) 
Eberhardt (1975) 

Gray and Compston 
(1974) 
Lee and Papanastas- 
siou (1974) 
Lee, Papanastassiou 
and Wasserburg 
(1976, 1977) 

Reed and Jovanovic 
(1969) 
Jovanovic and Reed 
(1976) 

Reynolds and Turner 
(1964) 
Lewis, Srinivasan 
and Anders (1975) 

244 Pu have not 
origin is 
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equilibria. In addition, the low abundance of the noble 

gases makes it possible to detect small changes in 

isotopic composition due to events such as nuclear 

transformations. 

It is a well established fact that the noble gas 

contents in meteorites can be divided into several different 

components that can be identified by their characteristic 

isotopic composition. Early work concerned with meteoritic 

helium (ref. to Paneth, 1928 in Pepin and Signer, 1965) 

led investigators to conclude that alpha decay of uranium 

and thorium present in the meteorite when it was formed 

was responsible for the helium which they detected. Other 

40 radiogenic noble gas isotopes include Ar from electron 

40 129 129 capture in K and Xe from beta decay of I. 

A second component of meteoritic noble gases denoted 

by the term cosmogenic or spallogenic is a result of the 

meteorite's exposure to a flux of energetic nuclei prior 

to capture by the earth. The sources of this radiation 

range from solar flare protons (1 to 100 MeV) to galactic 

cosmic rays. Bauer (1948) and Huntley (1948) first 

suggested that meteoritic helium might have a spallation 

component, and this was later verified experimentally by 

Paneth ejt al^. (1953) . 

Based upon early measurements, cosmogenic neon in 

stone meteorites was determined to exist in the ratios 

20Ne/22Ne Si 0.9 and 21Ne/22Ne Si 0.93 (P. and A. 

Eberhardt, 1961). However, the amount of an isotope 



7 

produced by cosmic rays not only depends on the flux and 

energy distribution of incident particles but also on the 

target abundance. Thus the cosmogenic component will vary 

from mineral to mineral depending upon chemical composition. 

The relative abundances of neon currently ascribed to the 

20 22 cosmogenic component are: Ne/ Ne = 0.853 and 

^Ne/^Ne = 0.918 (Mazor ejt al., 1970) which result from 

irradiation of meteorites that contain Mg, Al, Si, S, Ca, 

Fe, and Ni. More recently it has been shown that in pure 

sodium the Ne/ Ne^, ratio (subscript C denotes cosmogenic 

component) is approximately 0.33 (Smith and Huneke, 1975) 

which is substantially different from the elements listed 

. 22 22 above. Enhanced production of Ne via Na m sodium-rich 

minerals thus requires that special consideration be given 

to the assignment of cosmogenic composition to the gas in 

minerals containing sodium. 

Large concentrations of gas resembling neither 

cosmogenic nor radiogenic isotopic composition were first 

observed in the meteorite Pesyanoe in 1955 (Gerling and 

Levskii, 1956). Since the isotopic composition of the 

gas was not too much unlike that of the earth's atmosphere, 

Gerling and Levskii suggested that it was characteristic 

of the parent body from which the meteorite was separated, 

thus associating the meteorite with a body which existed 

early in the solar system. Subsequent analyses of other 

meteorites (Zahringer and Gentner, 1960; Reynolds, 1960; 

Stauffer, 1961) confirmed the existence of an isotopic 
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component distinct from those of cosmogenic or radiogenic 

origin. The term "primordial" was used to refer to these 

gases which were believed to have an origin in the gas of 

the solar nebula, as opposed to being formed^in situ by a 

a nuclear reaction» Use of the term primordial generates 

confusion, however, since it seems to imply a direct 

identification of these meteoritic gases with primeval 

solar system abundances. This identification is not 

possible because several processes may have affected the 

original abundances during meteorite formation. The term 

"trapped" has recently replaced primordial. Thus the 

trapped component refers to gas which is not attributed 

to production by radioactive decay, fission, or cosmic 

ray bombardment, but which may be the end product of 

incorporation of gas from the solar nebula into meteorites 

Trapped neon is interesting because of its complexity 

Experiments have shown that trapped meteoritic neon does 

not exhibit a single well-defined isotopic composition, 

but instead consists of an internal set of components. In 

20 22 the. early 196Q's the Ne/ Ne ratio was measured to range 

from approximately 13.5 for samples of the dark portions 

of gas-rich, meteorites CZâhringer and Gentner, 1960; 

Signer and Suess, 1963, for example! to approximately 8 in 

carbonaceous chondrites CZahringer, 1962; Reynolds and 

Turner, 19.641» Similarities between the abundances of 

rare gases in the dark areas of the two meteorites 

Staroe Pesyanoe and Kapoeta and estimated solar abundances 
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(Suess and Urey, 1956) prompted Zahringer (1962) to suggest 

that the two meteorites were very similar to an undiffer¬ 

entiated solar nebula in rare gas composition. To account 

for the isotopic variations seen in meteorites, Zahringer 

(1962) postulated that the undifferentiated solar composi¬ 

tion could be altered by isotope-dependent diffusion 

in the solid phase of the meteorites. 

The pure volume diffusion model proposed by Zahringer 

(1962) has generally been rejected because of the large 

initial gas concentrations which it requires. For the 

20 22 Ne/ Ne ratio to be fractionated by greater than 40% 

(from w 14 to ~ 8 for carbonaceous chondrites), the neon 

. 5 now present can be no more than a few parts in 10 of the 

original concentration (Pepin and Signer, 1965). 

A second explanation proposed by Signer and Suess 

(1963) to explain the observed isotopic variations in mete¬ 

orites was that the meteorites contained trapped gas of two 

distinct compositions (see also Anders, 1964; Merrihue et al., 

1962) . The component which is dominant in gas-rich mete¬ 

orites is one with approximately solar isotopic ratios 

20 22 
( Ne/ Ne Si 14), while an apparently fractionated component 

termed by Signer and Suess (1963) "planetary" gas 

( Ne/ Ne Si 8; Pepin, 1967) predominates in carbonaceous 

chondrites. Mixtures of each of these components in 

different proportions would then account for the variation 

in measured isotopic ratios. 
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II-2. The Three-isotope Plot 

The two component model was further substantiated by 

a step-wise heating experiment on the chondrite Renazzo 

(Reynolds and Turner, 1964) and the collection of data on 

several carbonaceous chondrites (Pepin, 1967) . The 

relationship between various isotopic ratios is especially 

evident when plotted on a three-isotope correlation plot. 

The three-member family of neon isotopes is very well 

suited to this technique for resolving various components. 

The scales along the ordinate and abscissa correspond to 

the values of isotopic ratios, and each measurement of the 

three isotopes of neon in one sample yields one point on 

the graph. It is a property of this representation that 

any value which results from a mixture of two pure compo¬ 

nents will lie on a line joining the points representing 

these two pure components. In addition, the proportions 

of the mixture of the two pure components can be determined 

from the position of the result on the connecting line. 

If the specimen of interest is a mixture of three pure 

components, it must lie inside or on the perimeter of the 

triangle formed by connecting the pure components by 

straight lines. (see Figure Il-l) This line of reasoning 

can be extended to mixtures of more than three pure compo¬ 

nents, with the region of possible arbitrary combinations 

defined by a polygon with the pure components at the 

vertices. 



Figure II-l. 

(a) A certain isotopic composition, Q, lies on the straight 

line between two well-defined endpoints, A and B. 

If F is defined to be the amount of component B in mixture 

Q then F increases as the distance from A to Q increases. 

= 1 - the distance from B to Q normalized to 

the distance from B to A 

example î if Q is at A then x^ = x^ and y^ = y^ 

so Q is pure A with no amount of B mixed in 

(b) To analyze Q as a mixture of three components (A, B, 

and C), connect Q and one of the vertices of triangle A-B-C 

by a straight line and define composition D. Q can then be 

analyzed as a mixture of B and D, while D itself is a mixture 

of A and C, the proportions of which can be determined as 

above. Thus Q can be resolved into components A, B, and 

distance between A and B = [(x£ - x^) ^ ~ 

distance between Q and B = [(X2 - x3^ +￼ 

F = 1 

C as desired. 
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Figure II-l 

(a) 
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This method was first employed by Reynolds and Turner 

(1964) and following their lead it is conventional to plot 

the uNe/ Ne ratio on the ordinate and the Ne/ Ne ratio 

on the abscissa. In this representation, cosmogenic neon 

lies to the far lower right of the graph with approximately 

20 21 22 equal amounts of Ne, Ne, and Ne, while terrestrial 

and solar neon both lie close to the ordinate with almost 

21 20 22 
no Ne and Ne/ Ne ratios of 'v 10 and ^ 15 respectively. 

IX-3. The Neon Alphabet 

Reynolds and Turner (.1964) found that the neon release 

pattern of Renazzo, when plotted on the three-isotope plot, 

clustered about a straight line connecting cosmogenic 

20 22 neon with a trapped neon component of Ne/ Ne equal to 

9..Q + 0.4. Although the suite of points demonstrated a 

linear correlation, they did not determine the endpoints 

of the line unambiguously. Correlation lines from several 

carbonaceous chondrites on the three-isotope plot allowed 

Pepin C1967)L to state that neon contained in meteorites 

consisted of two components besides cosmogenic neon. 

Attempting to be impartial as to the origin of each of these 

components, Pepin termed the component implied by the 

Renazzo data of Reynolds and Turner, as well as other 

Type. XI and Type XII carbonaceous chondrites, wNeon-A".. 

A neon very close to solar isotopic composition was 

identified as "Neon-rB", thus beginning the neon alphabet. 
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To determine the isotopic compositions of the A and B 

components two assumptions were necessary; first, that 

Neon-B was closely related to the neon of gas-rich 

meteorites, and second, that terrestrial neon fit into the 

same scheme as meteoritic neon. With these assumptions 

20 22 
Neon-A was assigned the isotopic composition Ne/ Ne = 

8.2 + Q.4, 21Ne/22Ne = 0.025 + 0,003, and "solar" or 

20 22 Neon—B was defined to exhibit the ratios Ne/ Ne = 

21 22 
14.3 + Q.5, Ne/ Ne = 0.040 + 0.003, Subsequent neon 

measurements CHeymann and Mazor, 19671 confirmed the 

composition of Neon-A but revised the Neon-B component to 

20 22 
Ne/ Ne = 12.5 + 0.8 (Pepin, 19681, It must be noted 

at this point that mass discrimination corrections for 

mass spectrometers are based on atmospheric neon. 

Eberhardt et 'al. C1965Ï redetermined this standard and 

20 22 found that the previously accepted Ne/ Ne value was 5% 

higher than their result, and thus measurements prior to 

the Eberhardt et ai. paper quote values which contain this 

20 22 
error. The Neon-B component Ne/ Ne = 12,5 + 0,8 

QPepin, lâ68I includes this correction. 

Up to this point the compositions of Neon-A and Neon-B 

had been somewhat arbitrarily defined. Manuel C1967) 

questioned the independence of components A and B and 

demonstrated that within the error limits of measurements, 

mass: fractionation of B could produce A, The two different 

types of neon could have been incorporated into the 

meteorite at different times during its formation. 
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Although all meteorite measurements recorded up to this 

time were contained within the A - B - Cosmogenic triangle 

on the three-isotope plot, the question of whether A and 

B were themselves not a mixture of more extreme composi¬ 

tions needed to be answered. 

Early experiments with stepwise heating of meteorites 

(.Reynolds and Turner, 19641 and the removal of surface 

layers of meteorite grains (Eberhardt et al., 1965) demon¬ 

strated that both Neon-A and Neon-B were found in low 

energy sites and released at relatively low temperatures. 

The isotopic composition of gas released at high temperatures 

approached the pure cosmogenic composition. Black and 

Pepin (1969). hoped to capitalize on this concept, that a 

given component could be isolated from others over a 

specific temperature range, and their results were surpris¬ 

ing. For the gas-rich meteorites, the low temperature trap¬ 

ped neon and intermediate temperature mixing data allowed 

Black and Pepin to conclude that the isotopic composition 

20 22 21 22 
of Neon-B was Ne/ Ne = 12,5 + 0.2 and we/ zNe = 

Q.Q345 + 0,0Q05, but evidence for another component with 

20 22 
Ne/ Ne ^ 14 was also apparent in the data. The 

carbonaceous chondrite data, while not containing 

evidence for Neon-B, did indicate a trapped component with 
2 n 22 

a ratio of Ne/ Ne. ^ 11,2 at a temperature less than 

70Q°C a,nd greater than 1Q0Q°C, Especially striking was 

the discovery that with, increasing temperature from 7QQ9C 

20 22 the Ne/ Ne. ratio measured decreased from ^ 8,5 to a 
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minimum of 3.4 (Ivuna). in all cases, the neon with this 

isotopic composition was less than 10% of the total neon con¬ 

tent and hence was easily overwhelmed by the other components 

in bulk measurements. This was the first evidence of the 

component which was to become known as Neon-E. 

Correlations in He and Ne were found to exist in gas- 

rich meteorites and separately in carbonaceous chondrites 

36 38 
(Black, 1970), while a direct variation of trapped Ar/ Ar 

20 2 2 
with Ne/ Ne was also demonstrated (Mazor et aJL., 1970) . 

The present day solar wind component is characterized by 

ratios of 20Ne/22Ne m 12.5 and 36Ar/38Ar « 5.4. This fact 

prompted Black (1972a) to suggest that the Neon-D component 

with even higher isotopic ratios, Ne/ Ne = 14.5 + 1.0 and 

^^Ar/88Ar =6+1, could be the result of implantation of 

rare gas ions by a primitive, pre-main sequence solar wind. 

3 4 
In addition the He/ He ratio for Neon-D is approximately 2.5 

times smaller than the analogous ratio for Neon-B. 

Another component identified by Black (1972a) in 

gas-rich meteorites is the high temperature component 

20 22 
Neon-C with isotopic ratios Ne/ Ne = 10.6 +_ 0.3 and 
21 22 
Ne/ Ne = 0.042 + 0.003. The relatively high temperature 

needed to outgas this component is evidence for its 

identification as implanted solar flare neon which would 

be more energetically sited than ordinary solar wind 

neon. Solar flare iron group nuclei have been observed 

in gas-rich meteorites as a result of nuclear track 

studies (Pellas et al., 1969; Lai and Rajan, 1969) 
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which yield fluxes that support this hypothesis, but 

the question of flare composition remains. 

Analysis of carbonaceous chondrite neon apart from 

meteoritic neon as a whole is necessary because the unusu- 

20 22 ally low Ne/ Ne ratio has only been observed in these 

more primitive meteorites. Both stepwise heating (Black, 

1972b) and analysis of separate magnetite and silicate 

separates of Orgueil (Jeffery and Anders, 1970) indicate 

that mixtures of spallation (or cosmogenic) neon and Neon-A 

and Neon-B are present and form the major trapped components 

of carbonaceous chondrite neon. In addition, the high temp¬ 

erature results of stepwise heating indicate the presence 
20 22 

of Neon-C as a minor component with a Ne/ Ne ratio of 

~ 10.3 (Black, 1972b). Neon-E, the component unique to 

20 22 
carbonaceous chondrites, is characterized by Ne/ Ne < 3.4 

and appears in stepwise heating experiments at a temperature 

of ~ 1000° C. 

Although first identified in stepwise heating experi¬ 

ments, the presence of Neon-E in silicate minerals was 

suggested by results of Jeffery and Anders (1970). 

Herzog and Anders (1974) analyzed silicate samples from 

Orgueil by stepwise heating and although none of the 

temperature fractions contained the very low Ne/ Ne ratio 

characteristic of Neon-E, about half of the samples did 

yield ratios below that of Neon-A. Eberhardt (1974) was 

the first to detect the presence of Neon-E in meteorite 

samples by releasing all of the gas from each sample in a 
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single heating. The samples were "non-magnetic’1 silicate 

fractions which had been separated from other silicate 

fractions and characterized by reluctance to form a 

colloidal suspension. Most recently Eberhardt (1975} 

has been able to separate a Neon-E-rich phase from Orgueil 

20 22 21 22 
with isotopic ratios Ne/ Ne = 1.5 and Ne/ Ne = 

0.023 which represents the latest upper limit for the 

composition of Neon-E. Kerridge and MacDougall (1976) 

point out that at 100Q°C, where most of the Neon-E is 

released, the ordinary silicates could not exist and 

suggest that the mafic silicates of olivines and pyroxenes 

of Orgueil may contain some of the Neon-E. 

A summary of currently accepted values for each of 

the neon components is presented in Figure II-2.. 

11-4.. Theories — Neon 

It is possible to assign a specific source to each 

of the neon components except Neon-E. Cosmogenic or 

spallogenic neon is produced when high energy particles 

impact meteoritic material. The isotopic composition 

characteristic of Neon—A has been attributed to a mixture 

of Neon-E and Neon-D.. Components B and D are both re¬ 

lated to the solar wind7 Neon-B is generally interpreted 

as due to the present day solar wind, while Neon-D has 

been attributed to the pre-main sequence solar wind 

(Black, 1972a!,, The neon isotopic composition of the 



Figure II-2. 

The various components of meteoritic neon, as well 

as solar wind and terrestrial neon are plotted on the 

three isotope plot. Neon-E has an upper limit of 

20 22 22 
Ne/ Ne <.1.5 but could be pure Ne and thus is shown 

as a region rather than a specific point. 

Component 
20 ,22 
Ne/ Ne 21Ne/22Ne Reference 

Ne on-A 8.2 
+ 0.4 + 

0.025 
0.003 

Pepin (1967) 

Neon-B 12.52 
+ 0.18 + 

0.0335 
0.0015 

Black (1972a) 

Neon-C 10.6 
+ 0.3 + 

0.042 
0.003 

Black (1972a) 

Neon-D 14.5 
+ 1.0 

— Black (1972a) 

Neon-E < 1.5 0.023 Eberhardt (197 

Cosmogenic 

Solar wind 

0.93 

13.7 
+ 0.3 

9.80 
+ 0.08 

0.917 

0.033 
+ 0.004 

0.029 
+ 0.008 

Eberhardt (1974) 

Geiss et aJL. (1972) 

Geiss et al. (1972) Terrestrial 
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solar wind as measured in current experiments on the 

moon (Geiss et al., 1972) is not exactly that of Neon-B, 

but a broader interpretation is possible. If the definition 

of Neon-B can be stretched to include a set of isotopic 

compositions, all related to solar composition (Heymann 

and Dziczkaniec, 1976b), then Neon-O can be interpreted 

as an earlier version of Neon-B, Neon-C, believed to be 

the result of solar flares (Black, 1972a), is thus an 

extremely special subset of solar neon, but its distinct¬ 

ness from Neon-B has been questioned (Walton et al,, 1974), 

Neon-E is the last piece of the puzzle. 

Several mechanisms have been postulated to account 

20 22 
for the presence of Neon-E, The Ne/ Ne ratio has been 

measured to range from n» 14 in gas rich meteorites CBlack, 

1972al to 'VJ 1.5 in the carbonaceous chondrite Orgueil 

(Eberhardt, 1975), Mass fractionation, while undoubtedly 

important in small-scale isotopic fluctuations, cannot be 

the sole cause of the variation in an isotopic ratio by 

a factor of ^ 10. A fractionation of this magnitude would 

produce isotopic variations in trapped meteoritic argon, 

but none have been observed. In addition, such a large- 

scale. fractionation requires an abnormally large initial 

partial pressure of neon, greater than tens of thousands 

of atmospheres CBlack. and Pepin, 1969) . The possibility 

22 that the. excess Ne could be the decay product of an 

extinct superheavy element, as postulated for the carbon¬ 

aceous chondrite fission Xenon (Anders and Heymann, 1969) 
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was examined (Black, 1972b}. This hypothesis was quickly 

rejected because it requires that the superheavy have 

too larqe a half-life to have been undetected in nature. 

One theory which has not yet been refuted was proposed 

by Black (1972b) and ties in with his "A = E + D" 

hypothesis. Black suggests that dust grains were present 

in the cloud which formed the solar nebula and that these 

grains contained Neon-E of an extra-solar origin, perhaps 

helium hurning products thrust into the interstellar 

dust by a nova explosion.. As the solar system formed, 

the grains that were not vaporized in the formation process 

were exposed to the primitive (component D) solar wind. 

Although each grain would not receive an equal amount of 

either E- or D^type neon, if a statistically significant 

number of grains are mixed together a wellr-defined mean 

composition would be defined, hence Neon-^A. Since there 

is no evidence that all grains around a forming star would 

be. vaporized this is a possible means for generating the 

Neon—E anomaly.. 

Investigations of nucleosynthetic production of Neon-E 

have been carried out with only limited success. Neither 

hydrostatic helium burning nor explosive burning of He 

20 22 
zones provides agreement with observed Ne./ Ne ratios 

of Neom-E (Howard et ai., 1971).., Results from a model 

calculation by Ajrnould and Beelan ('19741 indicate, that 

the neon composition of material resulting from 

explosively processed CNO layers is like that of Neon^E. 
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These layers may not be very extensive and thus material 

from them would not make a very large contribution to the 

interstellar medium in accordance with the low abundance 

of Neon-E. If this gas were then trapped in the meteorites 

without fractionation it would have the characteristics of 

Neon-E. 

An interesting variation to the scheme of anomalies 

produced by nucleosynthesis has been suggested by Cameron 

and Truran C1977K They suggest that a massive Type II 

supernova, triggered the collapse of an interstellar dust 

cloud resulting in the formation of the solar system. 

The ejecta from the supernova is a hot fluid of lower 

density than the interstellar cloud which it impacts thus 

allowing a Raleigh-Taylor instability to be set up. Due 

to this instability streams of hot ejecta can penetrate 

into the cloud carrying the formation products of the super¬ 

nova nucleosynthesis and creating regional abundance 

variations in the cloud. Condensates formed in these 

regions before the mixing of ejecta with solar system 

material is complete will contain the anomalies carried 

in by the supernova.. Cameron and Truran calculate that 

20 22 
explosive carbon burning may form Ne/ Ne in the ratio 

2Q 22 
of Q.I., Since the ratio of Ne/ Ne has thus far been 

observed to be as low as 1..5 CHberhardt, 19751 they 

postulate that the neon from the supernova was diluted 

by a factor of ^ 15 to account for the Neon-E., Clayton 

(19771 has examined this hypothesis, and he finds that 
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it may be necessary to lengthen the time interval between 

the supernova and solar system formation to avoid the 

3 6 
creation of anomalies in Ar and Xe which would result 

from decay of "^Cl and ^®Cm produced in the supernova. In 

addition Clayton (1977) suggests an increase in the super¬ 

nova heavy element contribution from 2% to about half of 

the total solar system material. This would account for 

12 13 the solar system ratio C/ C ^ 90 as compared to the 

12 13 
C/ C ratio ^ 50 in the interstellar medium,. 

Clayton (1975b,c). has proposed that presolar grains 

may be responsible for Neon-E. The radioactive nuclide 

22 
Na (half-life 2.6 yr) is believed to be produced in 

abundance from the helium shells of explosive supernovae 

(Clayton, 17 75a.) and surface explosions from novae (Clayton 

22 
and Hoyle, 19741. The expansion of the gas carries Na 

outward. As the gas cools elements, including Na, will 

precipitate out of the gas to form grains. The half- 

22 life of Na puts a time constraint on how long it can 

take the expanding gas to reach condensation temperatures; 

adiabatic expansion requires about three years (Clayton, 

22 1975cl. The Na which condenses into grains will then 

22 decay to Ne in the grain.. If these interstellar grains 

are then mixed with solar system material and incorporated 

22 
into meteorites without vaporization^ an enrichment of Ne 

will be seen in the meteoritic material,. It is also pos- 

22 
sihle that grains: containing Na may have formed in the 

envelope of the neighboring supernova suggested by 
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Cameron and Truran (.1977) allowing direct mixing of 

supernova grains with solar system material. One point 

which may prove to be important in determining whether or 

not presolar grains are responsible for Neonr-E is that 

22 
the excess of Ne may not necessarily be correlated with 

Na concentration, due to the fact that the same zones which 

22 23 produce Na are not rich in stable Na. 

A final mechanism which has been proposed to explain 

the Neon-E anomaly is a charged particle irradiation of the 

solar nebula, one particular scheme of which is presented 

in the next chapter, fowler, Greenstein, and Hoyle (.1962) 

considered the bombardment of the early solar system by 

high energy charged particles accelerated in magnetic flares 

at the surface of the sun. Problems with this model arose 

due to the large particle flux required and the production 

by secondary neutrons of anomalies in elements such as 

potassium which are not observed. However, the work did 

provide the first examination of the effects of irradiation 

in the solar system, 

Eyen within the boundaries of an irradiation scheme 

several possibilities have been studied. Muon capture in 

Na C NaQi~,nL Nel was examined by Jeffery and Hagan 

C19.63L, Although this scheme is capable of producing 

22 pure Ne, the source of the large flux of muons necessary 

is not clear». Qualitative, arguments for producing the ob¬ 

served neon isotopic composition by particle irradiation 

were considered even before Neon-E was discovered (Anders, 
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1964; Anders et al^, 1970}. Quantitative calculations 

of particle bombardment of meteorites have not been 

successful at producing the desired isotopic ratios. 

Herzog C1972I discussed the possibility that a low 

20 22 
energy proton bombardment produced neon with a Ne/ Ne 

ratio less than 3.4 and found that the requirement that 

22 21 
Ne be produced in much larger amounts than Ne demanded 

that almost all particles have energies less than 10 MeV. 

A particle energy spectrum so heavily weighted at low 

energies has not yet been discovered in nature. In a 

second paper Herzog C1975I measured the cross sections for 

21 
production of Na (half-life 22.6 seel on Mg targets 

with protons ranging in energy from 10 MeV to 16 MeV. 

22 21 The results indicated that the Ne/ Ne ratio below the 

surface would be lowered by low-energy proton bombardment, 

exactly the opposite of what was desired. Clayton et al. 

C19-7 7Ï. used theoretical cross sections averaged over 

powejr-law spectra to determine whether particle irradiation 

could be responsible for an assortment of anomalies detected 

in the solar system. They considered bombardment of a 

22 
gas which is condensing to form grains. Efficient Ne 

production in the forming grains is again demonstrated to 

require a special proton "pulse" with energies between 

5 MeV and IQ MeV.. In addition, the flux needed to produce 

26 
the measured anomaly in Mg overproduces Neon*-E by five 

orders of magnitude in the grains.. 
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One possibility which will be examined here is that 

the proton bombardment affected only the gasphase and that 

the anomalies which are observed were created in the gas 

and condensed into the solid. This is possible for the 

22 22 
case of Ne since it has the radioactive parent Na. 

A second anomaly which should fit into this same scheme 

2 6 
is the excess of Mg observed in Allende inclusions. 

2 6 A brief summary of the characteristics of the Mg excess 

will serve to point out similarities and differences 

between the two anomalies. 

II-5. Anomalous Magnesium 

Unlike Neon-E, which was not suspected to exist until 

2 6 actually discovered in meteorites, excess Mg in meteorites 

has been searched for to provide evidence of the existence 

2 6 
of Al during the time of meteorite solidification.. The 

26 5 
significance of Al lies in its 7.2 x 10 year half-life. 

As well as providing a short-term astrophysical chronometer, 

2 6 
Al may have served as an early heat source in the solar 

2 6 
system. Urey C19.551 first proposed that Al could be an 

important heat source in meteorite processing. Fish et al. 

C196QÎ. examined several radioactive sources and, based on 

considerations of half-life, decay energy, and abundance, 

decided that ^Al was the best candidate. If ^Al is 

indeed the. heat source., then as Fish et al. point out, 

the time interval between nucleosynthe sis and accretion 
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of solid bodies in the solar system must have been on the 

order of millions of years.. Verification of the existence 

2 6 
of Al would put a time constraint on solar system models 

26 26 
and thus Mg associated with Al has been actively sought. 

Clarke et al. Q.9 70) were the first to report an excess 

26 3 of Mg of 4 to 6 parts in 10 over terrestrial magnesium 

in aluminum-rich feldspar phases of the meteorites 

Bruderheim and Khor Temiki. They attributed the excess 

26 26 
Mg to Al decay, Schramm et al, C197Q) investigated the 

isotopic composition of Mg in meteoritic, terrestrial and 

lunar feldspars, including some of the samples measured by 

Clarke et ai. and found no magnesium anomalies to within 
4 

a resolution of better than 5 parts in 10 , The lack of 

anomalous Mg was concluded by Schramm et ai, to mean that 

26 
Al did not exist in the early solar system but may have 

been present a few million years before the feldspars 

solidified. 

The initiative for further search was provided by Gray 

87 86 et ai., C1973L who measured the Sr/ Sr ratio of calcium- 

aluminum-rich chondrules in the Type III carbonaceous 

chondrîte Pueblito de Allende Cfell in February, 1969) and 

found these chondrules to be the earliest known condensates. 

Gray and Compston Q.974L capitalized on this discovery 

and measured the magnesium content of three Allende 

inclusions. Convinced that they were able to discern a dif¬ 

ference Between variations in isotopic ratios due to mass 

fractionation during mass spectrometeric analysis and 



27 

nuclear effects, they reported a ,41% anomaly in the 

24Mg/26Mg ratio of one of the chondrules they analyzed. 

The 24Mg/23Mg ratios for all samples measured were nearly 

the same. The chondrules that did not exhibit an anomaly 

were measured to have low Al/Mg ratios, allowing Gray and 

2 6 
Compston to conclude that the anomaly resulted from Al 

decay. Lee and Papanastassiou (1.974) found anomalous 

magnesium in Allende inclusions which corresponded to an 

24 26 3 enrichment of *Mg or °Mg of up to 3 parts per 10° Or a 

25 3 depletion of Mg of up to 1,5 parts per 10 relative to 

terrestrial Cnormall magnesium. They performed measure¬ 

ments on samples that had oxygen anomalies of up to 5% and 

got normal magnesium ratios indicating a lack of correlation 

between the two isotopic effects. The meteorite as a 

whole contains normal Mg, The anomalous magnesium could not 

be explained by fractionation, nor did the results show 

a correlation with the Al/Mg ratio. One sample even 

showed a depletion of 24Mg or 2^Mg by 1.7 parts per IQ3, 

25 
or alternatively, an enrichment of Mg by .85 parts per 

IQ3, 

The results of Lee and Papanastassiou (1974) were of 

too small a magnitude compared to instrumental fractiona¬ 

tion effects to allow them to assign the anomalies to en¬ 

richment or depletion of one specific isotope. This lead 

Lee, Papanastassiou and Wasserburg (119761 to establish a 

more, stringent criteria for measuring isotopic anomalies. 

Ry determining the instrumental fractionation for normal 
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25 24 
magnesium they concluded that if the measured Mg/ Mg 

ratio was within one standard deviation of the mean of 

the normals, and the ^Mg/^Mg ratio was outside three 

standard deviations of the mean of the normals, then the 

2 6 anomaly could he assigned to Mg. Using this criteria they 

2 6 found a definite excess of Mg of ^ 1.3% in an Allende 

inclusion. These measurements also allowed Lee et al. 
p £ 9 7 

(.1SL751 to determine the Al/ Al ratio at the time of 

final incorporation into the meteorite, an important 

ratio to be discussed in detail later.. Most recently, 

2 6 Lee et al., Q.977I report excesses of Mg of up to 5%. 

II-6. Theories -«-• Magnesium 

2 6 Observed excesses of Mg correlated with aluminum 

content are interpreted to be the result of decay of 

^Al. Current ideas as to the source of the ^Al differ 

2 6 primarily in the time at which the Al is present in the 

2 6 
material-. Al present in material a few million years 

before solar system formation will decay before being 

incorporated into solid objects and thus will provide 

neither a heat source nor a reliable chronometer. If 

2 6 
Al were present at the time of solidification, then 

decay will occur within the. solid bodies providing a 

source, of heat as well as a reliable indicator of the time 

of condensation of the body, the earlier condensates 

containing a greater excess of aluminum-correlated 
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°Mg. Finally, if Al were produced during the con¬ 

densation process it might still be an important heat 

2 6 
source, but Mg content would not provide the same 

type of chronometer as in the previous case. 

Schramm (1971) reviewed several sources that might 

26 26 
contribute to Al in the solar system. Any Al 

synthesized at the time of the last reprocess galactic 

8 
nucleosynthesis event would not survive the ^ 10 years 

that elapsed before the formation of solid bodies indicated 

by Xe retention data. Schramm (1971) also examined explo¬ 

sive carbon and silicon burning in exploding stars and 

concluded that neither process could contribute significant 

2 6 
amounts of Al during solar system formation assuming 

g 
that 'V/ 10 years elapsed between the supernova and solar 

2 6 system formation. Another source of Al is spallation 

of cosmic rays in the interstellar medium. In fact, 

variations in Al/Si and Mg/Si ratios, if measurable, would 

allow the determination of the mean life of cosmic rays 

in the galaxy, A proton irradiation of the solar nebula 

was also considered by Schramm 0.971). as a source of 

2 6 
Al. Although the cross-section data used for the 

26 26 
Mg(pfnL Al reaction are approximately a factor of 8 

too low, all reactions contribute to an effective cross 

section that agrees, fairly well with other estimates,. 

Schramm (1971) found that for 40 MeV protons a minimum 

18 2 integrated flux of 4 x 10 protons/cm at the time of 

2 6 solidification would be necessary to form enough Al 
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to melt the cores of planetary bodies. At the time the 

paper was written there was no solar system evidence for 

such a high flux, and because of this Schramm argued that 
2 g 

no significant amounts of Al, other than that in cosmic 

rays, were ever present in the solar system, 

2 6 The theory of in situ Al decay was promoted by 

Lee, Papanastassiou, and Wasserburg (.1976) by analysis 

of inclusions in the meteorite Allende. Their argument 

is built upon consideration of the condensation of a 

particular mineral phase from the solar nebula. The 

two different elements magnesium and aluminum, including 

all isotopes, will condense into minerals independently. 

If no melting or homogenization occurs after incorporation, 

then the °A1 will decay to °M.g which will then be associ- 

27 
ated with Al in the mineral. Thus, according to Lee 

2 G 
et al, 0976), the amount of Mg present at the time of 

2 6 the measurement is a combination of Mg present in the 

nebula at the time of condensation and °Mg from bAl 

decay. In terms of isotopic ratios which are measured; 

,26.. ,24,„ . ,26.. ,24,. . . ,26^,27.... ,27,.., ,24,, . 
C Mg/ Mgl^ = Mg/ Mg)Q + (- Al/ Al)ot Al/ Mg) 

where, p is the isotopic abundance in the mineral phase at 

present and the subscript o represents the isotopic ratio 

at the time of condensation Cor homogenization) of the 

inclusion. The results of Leé-efal. 0-976) for one 

Allende inclusion in particular yielded two points which, 
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26 27 24 26 
when plotted on a graph of 6 Mg vs. Al/ Mg (_<$ Mg = 

[(26Mg/24Hglmeas/t
26Mg/24Mg!norinal - l] * 100%), yielded 

_5 
a line with a slope of 6 x 10 and with a y*?intercept of 

0. From the equation above, these values correspond 

to an initial 2^Mg/2/*Mg ratio close to the normal vlaue 

26 27 
(terrestrial Mgl and identify the Al/ Al ratio at the 

-5 time of final formation of thé inclusion as 6 x 10 

This interpretation determines an internal isochron for 

the mineral sample and suggests the identification of 

2 6 
excess Mg, at least for one case, with in situ decay 

of 26A1. 

The same correlation could also be the result of the 

mixing of two reservoirs of material, one with a high 

2 6 aluminum content and excess Mg, and the other with low 

aluminum content and normal magnesium, In this case the 

2 6 
Al would have already decayed before condensation, and 

the measurements would provide information about the rela¬ 

tive contributions of each reservoir. Given that the exr 

26 26 
cess Mg may be due to extinct Al, the possibility that 

the parent material was trapped and decayed in interstellar 

grains, as mentioned previously for we (Clayton, 19750^ 

is also viable. 

2 6 
Cameron and Truran (19771 suggested that Al could 

be produced in the helium shell of a supernova by three 

14 
alpha^-pa.rticle captures on N, The problem is that 

22 14 
Ne is formed by two alpha captures on Nv If the 

2 6 22 temperature is hot enough to form Al, then Ne is 
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destroyed. The supernova model of Cameron and Truran 

cannot produce both anomalies. 

Proton bombardment of the solar nebula is a mechanism 

2 6 
for producing anomalous Mg as well as Neon^E.. Clayton, 

Dwek and Woosley (1977) assumed an irradiation of gas and 

accmumufatiruj grains and determined that it was not possible 

26 22 
to generate anomalies in both Mg and Ne unless the 

range of proton energies was limited to between ^ 5 and 9 

22 
MeV. Irradiation of grains to produce anomalies in Ne 

2 6 
and Mg is not a satisfactory explanation in either case. 
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III. Explanation of the Model 

As discussed in the previous chapter, the concept of 

a proton bombardment producing meteoritic anomalies is not 

a completely new idea. The modification suggested here is 

that the proton irradiation occurred while the nebula was 

22 26 condensing. Any Na or Al produced has the possibility 

of condensing into the solid phase before decay. In the 

22 solid, assuming that decay of Na occurs without loss of 

22 the product Ne, the result will be a relative enrichment 

22 of Ne above the concentration due to trapping of neon 

26 26 from the nebula. Similarly, decay of Al to Mg in the 

2 6 solid will produce an excess of Mg correlated with 

aluminum content since the site occupied by the excess 

2 6 
Mg was originally claimed by aluminum atoms. Atoms 

which decay in the gas before condensing affect only the 

composition of the gasphase and have no direct effect on 

the. concentration of the solid.. 

The following analysis is based upon consideration of 

a homogeneous, gaseous nebula containing solar proportions 

of all the elements.. At some time which is labeled as the 

starting point, atoms of each species begin to condense 

out of the gas and, at the same time, the entire system is 

bombarded with energetic protons* The various temperatures 

of condensation and nebular pressures important for 

mineral formation are not included in the model since 
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only relative numbers of atoms are important.. 

III-l. Irradiation 

The irradiation and resultant nuclear reactions alter 

the numbers of atoms of each species present in the gas. 

A measure of the amount of the change can be expressed 

as a reaction rate given by 

rate of production of species x = rate 

of destruction of target material 

Iatoms-yr ^target atom 

-■2 -1 
proton flux [protons^cm -yr J 

cross section for the reaction of protons 

with the target nucleus to produce species 

r 2. x [cm ] 

It is assumed that the differential proton flux can be 

represented by a power law of the form 

k 

differential proton flux between E and 

E + dE Iprotons^-cmr'2--yrT''*'^MeV^‘*'] 

dtp _ 
dE " 

where 

d4> _ 
dE " 

P„ - 

where 

x 

P__ H 

<f> 

a = 
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k = normalization constant 

E = kinetic energy of protons in MeV 

Y = spectral index 

The normalization constant k is used to fix the 

differential flux of particles with a kinetic energy of 
g 

1 MeV. Standard spectra are defined by k = 10 protons- 

-2 -l 
cm -yr -MeV . Thus by changing k it is possible to 

change the flux without altering the steepness of the 

spectrum. The specific values of f which were used in 
the calculations are 2.5, 3.5, and 4.5 which are included 

in the range of spectral indices appropriate for solar 

flares and galactic cosmic rays. 

The most important reactions in the gas are those 

which have relatively low threshold energies, therefore 

utilizing the large numbers of protons available at low 

energies, as well as reactions with substantial cross 

sections which occur in abundant target nuclides. With 

this in mind the reactions considered were those with 

mass excesses or Q values of approximately -10 MeV or 

larger, and targets of Ne, Na, Mg, Al, or Si. The reactions 

on Na, Mg, Al, and Si producing 22Na, 20Ne, 21Ne, and 22Ne, 

respectively, in Table III-l are those adopted by Walton 

(1974) from his experimental data. All of his targets were 

foils containing the natural abundances of the isotopes 

of each element. Since the exact reactions are not known, 

the Q values could not be calculated for any reactions 
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22 23 
except NaCPfXl Na in which a target of Na can be 

assumed. Although in many cases the high thresholds 

indicate that the reactions are not of major importance, 

they were included for completeness. The error in the 

22 
Na cross sections is estimated by Walton (1974) to be 

approximately + 10% and the errors in the cross sections 

for the isotopes of neon can be approximated by + 5%. 

The cross section data for all the reactions in which 

the energetic proton interacts with the target nucleus 

to form an alpha particle as well as the product nucleus, 

(p,al reactions, are adapted from data given by Woosley 

et al. C1975Î... Examination of experimental values for 

cross sections of (p,al reactions reveals that in general 

they rise from threshold to some maximum value which 

corresponds to an energy ^ IQ ~ 15 MeV above threshold 

and then fall to zero cross section with rough symmetry 

about the maximum. Therefore, in extrapolating the cross 

sections of Woosley et al., it was assumed that the maximum 

was reached ^ 1CL MeV from threshold and that the cross 

section was symmetric about the maximum.. The only excep- 

24 21 tion is the reaction Mg(p,a) Na which was measured by 

Herzog C1975L., Since the theoretical and experimental 

cross sections do not agree, the Woosley-et ai. cross 

sections were reduced uniformly by a factor of two to 

follow the same criteria as the other Cp,al reactions. 

WOosley^ et ai. quote an error of up to a factor of two 

in their calculations 
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26 . 26 
The cross sections for the reactions Mg(p,n) Al 

99 22 
and Ne(p,n) Na were taken from the work of Tobailem et al. 

(1973). The reaction for which the cross sections are 

2 6 
tabulated is Mg(p,x) Al, where "Mg" is a target of natural 

25 „ 24 
magnesium. Since the isotopes of Mg and Mg have essen- 

26 
tially zero cross sections for Al production by protons, 

2 6 
the cross sections for the Mg(p,x) Al reaction were multi¬ 

plied by 8.95 to correct for the fact that only ™ 11% of 

26 . 22 .22 
natural magnesium is Mg. For the reaction Ne(p,n) Na 

25 26 
the same excitation function as for the Mg(p,n) Al 

reaction was employed; the curve was shifted, without change 

of shape, to a threshold of 4 MeV instead of the 5 MeV 

threshold for 2^Mg (p,n)2^A1 since the 22Ne(p,n)22Na reaction 

has a slightly greater Q value. Errors in the cross 

sections of Tobailem et aT. (1973) are a maximum of + 15%. 

27 
Finally, the cross sections for the reactions Al(p,d) 

26 26 25 25 24 
Al, Mg(p,d) Mg, and Mg(p,d) Mg were taken from the 

27 , 96 
data of Furukawa et al, (1971) for the reaction Al(p,d) Al. 

(see Heymann et al., 1977) The same excitation function 

was used in each case but the threshold was shifted in agree¬ 

ment with the relative Q values of each reaction. For the 

27 26 
reaction Al(p,d) Al Furukawa et al. quote an error of 

approximately + 10%. 

For all of the reactions the cross section data was 

either not continuous or did not extend to the full energy 

range of interest and thus interpolation and extrapolation 

of the data was necessary. In Table Ill-l, the Q value 

is shown as well as the threshold energy for each 
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reaction. The energy at which the cross section for the 

reaction is the largest, as well as the value of this 

maximum cross section are also given to provide a general 

idea of the relative importance of each reaction.. In 

Appendix A is a more complete listing of the energy-cross 

section values for each reaction. 

Since both the cross sections and proton flux are 

functions of energy, in order to determine production rates 

it was necessary to integrate over the energy. Thus 

Eend 

px - l til1 ff(EidE 

Eth 

where 

P = the production rate of species x in 
X 

atoms^yr^-target ^ 

d<f> 
dE 

<T(.EL 

k E^ 

cross section of reaction 

Et^ = threshold energy of reaction 

Eend “ maximum value of E used in calculations 

Eend was 9eneral 50 or 100 MeV and was the energy below 

which almost all (> 95%1 the production occurred. The 

integrations were done numerically and the results for 

16 -“2 
Y values of 2.5, 3.5, and 4.5 with k = 10 protons^cm - 

yr ^-Mev'r'L are shown in Tahle III-l. 



Table III-1, 

All reactions used in the irradiation calculations 

are listed with their respective Q values calculated from 

12 
mass excesses in Lang Q.9.74I t C = 0.Q1 and respective 

threshold energies from excitation functions. The Q value 

22 for the Na (p,xL Na reaction was calculated based on the 

23 
assumption that all natural sodium is Na so the Q value 

23 22 
is for the reaction Na(p,d) Na.. In the other (p,x) 

reactions the products and targets are not so easily pin¬ 

pointed and thus no Q values were calculated, E is the ^ max 

energy at which the maximum cross section, a , occurs; 

if crmax extends over more than one energy, the mean energy 

is listed. E ^ the upper limit of the energy range 

over which the products of flux and cross section were 

integrated to give the production rates. The column labeled 

"target #" gives the abundances of the target elements 

normalized to all Si = 10^ (.Urey, 1972}. The target numbers 

for the natural elements are sums of the abundances of all 

of the isotopes of each element. The neon abundances are 

a factor of two larger than the values of Urey (.1972) as 

advised in an erratum. The last three columns give the 

production rates integrated over energy in # atoms-yr^- 

rvl 
target atom for three different spectral indices, 2,5, 

3.5, and 4.5. 
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III-2. Condensation 

The mechanism by which atoms in the gas phase of the 

nebula are transferred to the solid phase is condensation. 

The relative amounts of Mg, Si, Al, and Na in the gas at any 

time are mainly altered by the process of condensation and 

not nuclear reactions» Although exact expressions for 

rates of condensation of various species are not known, it 

is known that condensation occurs when the vapor pressure 

of the element is equal to the partial pressure of the 

species in the gas. The partial pressure of an element in 

a gas is proportional to the number of atoms of that 

element present in the gas. Given this it seems 

reasonable to assume that the number of atoms condensing 

per unit time is proportional to the number of atoms present 

in the gas at that time. Thus 

N 

the number of atoms condensing (leaving 

the gas) per unit time 

rate of condensation 

number of atoms 

dN 
dt 

where 

dN _ 
dt 

R = 

N = 



41 

Alternatively, 

>T .. -Rt N = N e 
o 

where 

N = the number of atoms left in the gas at time t 

NQ = the number of atoms present in the gas at time 

t = 0 when condensation began 

t = time since condensation began 

and R = rate of condensation 

The rate of condensation of each species was assumed to 

be constant in time. 

At this point it is appropriate to specify the number 

of atoms of each species, N. Since, in general, the re¬ 

sults are expressed as ratios of isotopes, the absolute 

numbers of each species contained in a small volume of the 

solar nebula are not important* Relative numbers of 

isotopes are important since these will change due to 

nuclear reactions as well as the action of condensation. 

The net result will be a change in isotopic ratios.. The 

gasphase is assumed to have initially "solar" composition 

as determined from Cl carbonaceous chondrites (Urey, 1972). 

These abundances are all normalized to silicon which is 

arbitrarily assigned an abundance of 1Q^ atoms. The 

abundances for all the target isotopes used in the calcu- 

22 26 
lati.onsf except for Na and Al which were defined to be 

zero at the starting point, can be found in Table III-l. 
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III-3. Gas and Solid Phase Equations 

Radioactive decay is another process which must be 

kept in mind in addition to nuclear reactions and condensa¬ 

tion. Nuclear reactions resulting in radioactive products 

2 6 
that decay back to the target, as in the case of Mg(p,n) 

2 6 Al, are thus capable of "storing" atoms of one species 

2 6 
CMg l in a different form with a different condensation 

2 6 
rate L All and thus add complications to the alteration 

of the gas. The analysis of the composition of the gas 

phase thus demands a great deal of bookkeeping to account 

for the fate of each atom as time progresses. 

As an example of the procedure used for each species, 

22 
consider the case of formation of Na in the gas. All 

three of the processes mentioned previously apply, condensa¬ 

tion, radioactive decay, and nuclear reactions. The re- 

22 
actions which form Na are given below along with the 

appropriate symbol for the reaction rate. The subscript 

refers to the number of the reaction in Table III-l. 

Reaction Reaction 

til Na(p,xi22Na P1 

CiiL Mg(p,xI22Na P2 

Ciiil AlCp,xL22Na P3 

Civ I Si (p,xL22Na P4 

CvL 22NeCp,nL22Na P17 
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Rx represents the rate of condensation of element x, which 

2 2 
is a variable parameter in the calculations, and A 

22 -1 
represents the decay constant of Na which is 0.27 y 

The product of reaction rate and target abundance 

22 
gives the amount of Na produced per unit time. The 

target abundances are constantly being altered by nuclear 

reactions and by condensation. However, the assumed con¬ 

densation rates are a few orders of magnitude larger than 

the largest production rates. Therefore, if one makes the 

reasonable assumption that nuclear reactions cause less 

than 1% change in isotopic abundances, the target abundance 

of any nuclide in the gas phase can be approximated by 

the amount of the nuclide which has not yet condensed. 

22 
Each atom of Na formed has two options, it can de- 

22 
cay in the gas to Ne or it can condense into the solid 

where it later decays. Thus the rate of change of these 

22 
newly formed Na atoms due to reaction (i) is: 

,22— 
d Na 

dt 
_ 23 RNafc .,22 „ ,22— = P. Na e - (A + R„ ) Na 
1 o Na 

where 
,22r=— 
d Na 

dt 

23 
Na 

22 22  
= rate of change of new Na ( Na) formed 

during the proton irradiation 

23 
= abundance of Na at time t = 0 when con¬ 

densation begins (from Urey, 1972) 

23 “^Na*" 23 
NaQe = abundance of Na in gas at time t 
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22 
The amount of new Na present in the gas at time t as a 

result of reaction (i) combined with condensation and decay 

is thus 

By a similar analysis, reactions (iil, CiiiL* and Civ) also 

22 
contribute Na in amounts given by the following equations; 

(ii) 

(iii) 

(iv) 

R. Ma. 

P3 AE„ / ~Rfwft 

PH Si» 

e-(x“ 

e-£5f** V
4) 

22 
Equation Cv)L is unique because the target, Ne, does not 

condense.. In this case the differential equation is simply 

^F = Pl7
aaWe. -(Aaa*R„JaaWâ 

which, has the solution 

aaN. PnasNe« ( , c-(A
aa+RwJt\ 

Na' A“+RN. 
(1 e } 

22 
There is no Na, in the gas at time t - 0 so at any time 

22 
t the amount of Na present is given by the sum of all 

of the above, contributions; 
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aa P, a3Na, 
-^Klat R Mo. 

r-fWR„, 

p,m, 

r* 

+ Pu su ) + 

23 
This is to be compared with the abundance of Na 

in the gas phase at time t, Sodium is formed by the 

26 2 3 
reaction Mg(p,al Na with a production rate denoted 

by and is removed from the gas phase both by 

22 23 
condensation and the reactions Na(p,x) Na and Na(p,a) 

20 
Ne, with production rates P^ and P.^, respectively. The 

differential equations generated by these four processes 

23 
can be solved as above to yield the amount of Na 

present in the gas at time t 

) 
where the first term contains the effects of condensa¬ 

tion and is clearly the dominant term. 

Reactions in which neon is produced or destroyed do 

not affect the solid phase since neon does not condense, 

These reactions were used only to monitor the composition 

of the gas. Any irradiation scheme which greatly altered 

the composition of the gas phase would not be a likely 
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one since the amounts of neon observed in meteorites 

do not show any unexplainable deviations from solar 

composition other than Neon~E. The isotopes of neon 

have simpler differential equations since neither 

condensation nor decay act on the newly formed atoms* 

20 
Ne may be considered as an example. Reactions in 

20 20 20 
which Ne is formed include MgCp,x) Ne, AlCp,x) Ne, 

2Q 23 20 
SiCPfXj Ne, and Na(p,a) Ne with production rates 

represented by P*., P^, P^, and P^, respectively. The 

20 17 20 reaction Ne(p,al F which destroys Ne is represented 

by The formation reactions yield the following 

amount of newly formed ^Ne, i*e*, ^Ne; 

Net = ( I - e'V) + 

+ - e~Rsit) + P|^a° ( 1 - e~R^) 

20 The (_p,al reaction on Ne gives the differential equation 

where 

3^15 = -P 2%e 
dt *18 t 

+ 

Rut since the production rates for ^Ne are of order 10'"'^ 
2Q Ç 

or smaller and Ne - 2*15 x IQ the contribution from o 

newly formed atoms can be ignored and the solution to 



47 

the differential equation is 

so Ne . - P„ “Ne. t 

Therefore 

a°Me - 30Ne, * 1- J3^k.(|-e-R*t) 
*M3 

+ - ( i - e~ } -t- —IMp^<x> ( i - e'R"*h ) 
Ksi KW* 

- ?» 

The equations for the case of aluminum and magnesium 

fall into the same general types as those for the neon- 

26 26 sodium case, with the exception of Mg, Removal of Mg 

from the gas phase is accomplished by condensation and 

26 23 26 
also by the destructive reactions Mg(pfal Naf Mg(p»d) 

^Mg, and ^Slg Cpfnl^Al. Additional ^Mg is added to the 

26 
gas by decay of Al* The differential equation repre- 

26 26 senting the change in new Mg atoms due to Al decay is 

^ ■ t ' ^*«3 
26 2626 where A is the decay constant of °A1 Cl = 9, <o x 

1(T7 yr^1!. and 
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** rtRft-Rnj U - a“* «■*- 

e'*** (l-e^) 

a. MSi. 
+ V** ) 

2 6 
Each term of Alt forms a separate differential equation 

O g 
with the term Mg since each term contributes some 
2 g ,  
Mg atoms which have the option of condensing.. The 

26 26 amount of °Mg present in the gas at time tf Mgt, is 

thus 

36 

% = - fa.' SH 
kù<o 

(%-^U RM3) 

a/X - 
VR«- 

Rwt (i - 

P ai/W • a» H'-« 
S-r-R* 

r a/X - 
(T* R*.- R*-) OVfQ 

A Pai "St. 

(v-r-ae)t ) 

) 

) 

Or*R*-Rs) (RH3-/‘-R*') 

£**“*()- e^" Rs‘^) 

P„ "su 
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The concentrations of the various species in the solid 

phase can be obtained for those elements that condense.. 

The amount of species x present in the solid as a whole 

at time t can be found by integrating the product of 

condensation rate and gas phase concentration of x over 

24 
time. As an example, the amount of Mg in the solid at 

time t is given by 

24 
Mg solid 

24 M*t V dt 

24. 
Substituting the expression for Mgfc gives 

<M
M„ .‘"V ft a4! 

I * P* "7At. e-R^ e-0y 

After integrating and combining terms the final express 

sion is 

. fes M. Rua /. 
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Similar expressions can be obtained for other species 

in the solid phase. All the equations used to determine 

abundances in the gas and the solid are listed in 

Appendix B. 

Two computer programs were developed to allow calcula- 

tion of gas and solid concentrations and ratios over 

different time intervals and varying condensation para- 

meters. It was necessary to modify several of the 

equations given in Appendix B in cases where equal conden- 

sation rates for two different elements would result in a 

zero in the denominator of a fraction. Changes in flux 

were, accomplished by increasing or decreasing the pro¬ 

duction rates corresponding to an increase or decrease in 

the value of the flux normalization constantr k. 
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IV. Results 

Lee, Rapanastassiou, and Wasserburg (19761 concluded 

from their data on Allende inclusions that the aluminum-' 

2 6 
correlated excess Mg could be understood as the result 

2 G> 26 27 
of °A1 decay if the °A1/ Al ratio in the gas from which 

the inclusion condensed was 'v 6 x 10 at the time of 

condensation of the inclusion. The corresponding ratio 

for Neon-E can be calculated if the amount of sodium that 

22 
is correlated with excess Ne is known. Eberhardt (1974) 

isolated a Neon-E-rich phase from Orgueil. From his 

data one can calculate the amount of Neon-E to be 

_8 3 
^ 5,6 x 10 cm -g using the sample with the lowest 

20 22 20 22 
Ne/ Ne ratio and assuming C Ne/ Ne)E = 0.0, Mason 

C19631 gives the sodium content of 22 carbonaceous chon¬ 

drites. The average sodium content of all 22 carbonaceous 

chondrites is ,52% by weight. If all of the Neon-E 

observed is associated with sodium, then the ratio of 

22 23 
Na to Na at the time of condensation of the Neon-E- 

r-8 
rich phase is approximately 1,1 x 10 . Therefore, in 

order to create both anomalies the characteristics of the 

irradiation must be such that °A1/ AI ^ 6 X 10^ and 

22 23 
Na/ Na ^ 1 x 10' at approximately the same time. 

*New data (bee'et al,, 19.771 have led to a revision of the 
26A1/27A1 ratio" ifrorrf 6 x 10^5 to C5,l" + 0,6) x 10~5. Al¬ 
though- the conclusions presented here are based upon the 
original value of 6' x IQ’"5, the results are not strongly 
dependent on the exact value of the ratio and thus will 
not be significantly affected by the change. 
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The time scale for the calculations was chosen to 

2G 6 
be the mean lifetime for Al, or approximately 1 x IQ 

years. Estimates by Cameron (.1975) of accretion times of 

bodies condensing from the solar nebula are about one third 

129 129 
of this time. In addition, I'- Xe formation ages 

indicate that most meteorites formed in a 14 million year 

interval CPodosek, 1970)., Therefore, a period of condensa¬ 

tion extending over several million years appears to be 

reasonable. 

IV-1. Condensation Rates — Gas 

The gas phase of the nebula was investigated to 

determine how the Na/ JNa and °A1/ 'Al ratios 
' gas ' gas 

change with time for various combinations of elemental 

22 23 condensation rates.. Figure XV-l shows the Na/ Nagas 

ratio as a function of time for the three different 

spectra t - 2,5, 3.5, and 4,5, Varying the rate of 

26 26 
magnesium condensation from A to 10A has only a very 

small effect on the ^Na/^Na ratio for the first 10^ 
gas 

years, after which the effect becomes negligible. Varying 

the rates of silicon and aluminum condensation has no 

22 23 
effect on the Na/ Na „ ratio and the curves for gas 

different rates of aluminum and silicon condensation fall 

along the line defined By the rate of magnesium condensa- 

. 22 23 tion. This insensitivity of the Na/ Nagas ratio to 

condensation rates of aluminum, magnesium, and silicon is to 



The general format for graphs in this section is as follows 

(a) The parameters which are held constant are dis¬ 

played in a box which is usually in the upper 

right-hand corner of each figure. 

(b) Each curve is labeled with the values of para¬ 

meters that were varied in generating the graph. 

(c) A dashed horizontal line indicates the desired 

value of the isotopic ratio. 

(d) A legend is provided for graphs in which 

different symbols or different types of lines 

are used to represent complete sets of parameters 

(for example Figure IV-5). 
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Figure IV-1 
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be expected since nuclear reactions in these elements 
22 

contribute only very small amounts of Na to the total. 

22 23 
In contrast, the Na/ Nagag ratio strongly depends 

upon the rate of sodium condensation. Figure IV-2 is a 

22 23 
graph of the Na/ Na ratio as a function of time for J gas 

. .26 
y = 2.5 with the constant condensation rates R„. — A , 

Mg 

= 4/1^, and Rg^ = 2)?^. When the rate of sodium con- 

>26 . 22 ,23 -8 
densation is < 0.5A the Na/ Na ratio of 1 x 10 

6 9 S 
cannot be reached in 5 x 10 years. In addition, when 

26 
sodium condenses at a rate of 0.1A or less, the ratio 

22 23 
Na/ Na decreases for a time before turning upward 

gas 

and after 5 x 10 years is still approximately what it was 
5 

at 5 x 10 years. As the rate of sodium condensation 

2 6 2 6 
increases from A to 10 A , the desired ratio of 

22 23 —8 Na/ Nagag = 1 x 10 is reached at an increasingly 

earlier time. When the rate of sodium condensation is 

26 . 
equal to the decay constant X it takes approximately 

6 22 ,23 
2.5 x 10 years for the Na/ Na ratio to reach J gas 

-8 26 
1 x 10 . With a sodium condensation rate of 10A 

22 23 —7 6 
the Na/ Na ratio is already 1 x 10 at 0.5 x 10 

gas 

years, 

Increasing the spectral index V increases the time 

needed to achieve the desired ratio. From Figure IV-3 

22 pq _g 
with îf = 3.5, the time to reach Na/ JNa = 1 x 10 

gas 
26 6 with R = A doubles from 2.5 x 10 years for t = 2.5 to 

Na 
5 x 106 for T = 3.5. With ^ = 4.5 as shown in Figure IV-4, 

6 22 23 
after 5 x 10 years the Na/ Na gas ratio with 
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Figure IV-2 
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Figure IV-3 
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Figure IV-4 
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RNa = X^
6 is only ^ 1 x 1Q~^. 

26 27 
Figure IV-5 shows the behavior of the Al/ Al __ 

gas 

ratio as a function of time for three different rates of 

magnesium condensation. Varying RMg has a larger effect 

on the ^Al/^Al ratio than on the ^Na/^Na ratio 
' gas gas 

26 26 
because Al is produced from Mg at a rate that is an 

22 
order of magnitude larger than the rate at which Na is 

produced from magnesium. Increasing the magnesium conden- 

sation rate increases the rate at which magnesium target 

atoms are removed from the gas phase. As the number of 

2 6 
targets decreases so does production of Al and thus the 

26 27 
time to reach, a given Al/ Algas ratio also increases, 

as seen in Figure IV-S. Varying the rate of silicon 

26 27 condensation has a very small effect on the Al/ Al 
gas 

ratio and rates of silicon condensation ranging from 

26 . . «, 26 ...... _ .26 

9 " 

= X26 in Figure IV-5. 

X"V' to 1QX~U with R^_ = X"'' all lie on the line for 

As one would expect, the rate of aluminum condensa- 

26 27 
tion has a pronounced effect on the ratio Al/ Al , 

26 27 
Figure IV-6 is a graph of Al/ Algag as a function of 

time for six different rates of aluminum condensation for 

a spectral index y of 2*5 and constant rates of magnesium 

26 26 
and silicon condensation equal to X and 2X , respectively. 

A dashed line is drawn to indicate the height at which 

Al/ 7A1 ^ 6 x 10.^ \ When aluminum is allowed to gas 

condense at a rate equ<*l to its decay rate equilibrium 

is achieved after ^ 3 x 1G& years, after which time the 
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Figure IV-5 
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Figure IV-6 
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2 CL 07 

Al/ Al ratio remains essentially constant. When the 

2 6 
condensation rate of aluminum is larger than the Al 

decay rate, which is also the rate of magnesium condensa¬ 

tion in this case, equilibrium is never achieved, but 

ratios can be reached at earlier 
yciS 

times, 

larger 2^A1/2^A1 

The behavior of the 2^A1/2^A1 ratio with different gas 

aluminum condensation rates can be explained as follows : 

26 27 if the only source of Al production was Al}changing 

the rate of aluminum condensation would have no effect 

26 27 
on the Al/ Al g ratio. However, the largest pro- 

2 6 ' duction rate for Al is associated with the reaction 

2 6 2 6 Mgtp,nl Al, Increasing the rate of aluminum condensa¬ 

tion, R^, does not affect the production rate of this 

reaction in the gas, A change in the magnesium condensa- 

2 6 tion rate will alter the target abundance of Mg and 

26 27 thus would affect the Al/ Al ratio. As shown on gas 

Figure IV-^6, it is possible to increase RA^ and maintain R^ 

by simply increasing the value of the ratio R^i/RMg* 

26 26 As a result, production of Al from Mg and removal of 

27 26 27 
Al from the gas cause the °A1/ 'Al ratio to increase p gas 

faster as R^/R^g increases. However, even though in¬ 

creased rates of aluminum condensation mean that the 

2Svi/,2^Al ratio reaches its desired value earlier, less * gas f 

aluminum is available to condense at the time the ratio is 

achieved. This difficulty will be discussed in detail 

in a later chapter. 



62 

A spectral index of y = 2.5 thus far appears to be 

an optimum value for both the aluminum^magnesium and neon- 

sodium cases. To illustrate this for aluminum, curves for 
or 26 

y = 3.5 with = X and = 2X are shown in Figure 

IV-6 as dotted lines. Whenever the condensation and deca 

rates of aluminum are equal, equilibrium is reached. 

26 27 However, when y = 3.5 the equilibrium value of Al/ Algag 

is an order of magnitude lower than the equilibrium value 

when y ?= 2.5. This is easily understood by comparing the 

production rates for the two spectral indices and noting 

that as y increases from 2.5 to 3.5 the production rates 

decrease by at least an order of magnitude. It therefore 

takes a longer time for steeper spectra to produce the 

2 6 
same amount of Al. Aluminum condensation rates rang'- 

26 26 
ing from X to 1QX define a similar set of curves for 

each spectral index. The difference between each set is 

that an increase in y by l.Q produces a decrease in the 

corresponding ^Al/^Alg.as ratio at a given time by an 

order of magnitude. 

The amount of time elapsed between the onset of 

condensation and irradiation and the establishment of the 

ratios ^Al/^Al and ^Na/^Na at their desired 
( gas ' gas 

values can be shortened by increasing the proton flux 

Cincreasing the value of kl without changing its spectral 

shape. In Figure IV^7 the line marked by squares shows the 

2 6 27 
behavior of the Al/ Al   ratio as a function of time gas 

for production rates' that are an order of magnitude larger 



In Figures IV-7 and IV-8 curves corresponding to 

several different combinations of parameters are displayed 

on the same set of axes. The units of the time scale are 

not necessarily the same for each curve. A legend is pro¬ 

vided on each graph to associate the symbols that label 

each curve with the appropriate units of time on the 

horizontal axis. 
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Figure IV-7 

Time 
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than the standard rates for y = 2..5., The line labeled by 

triangles is included as a reference line and corresponds 

to the standard production rates with y = 2..5 (given in 

Table III-ll and the same condensation rates as the line 

26 26 
labeled with squares, that is R^j = X , RA^ = 4X , a«<i 

2 6 
= 2X .. As can be seen from the graph, when the 

production rates are increased by an order of magnitude, 

the time to reach °A1/ 'Al = 6 x 10~ is decreased 
(JclS 

5 5 from approximately 5 x 10 years to approximately 1 x 10 

years. 

It is also possible to shorten the time scale by keep¬ 

ing the standard production rates and instead increasing 

the condensation rates. The dashed lines in Figure IV-7 

demonstrate the effect that increased rates of condensa- 

26 27 tion have on the Al/ Al ratio. The dashed line 
gas 

marked with ,,xt'sM' corresponds to rates of condensation 

which are ten times as great as the condensation rates of 

the reference line. The appropriate time scale is in 

units of 10f* years instead of 1Q^ years. Similarly, 

26 27 the Al/ Al ratio as a function of time for condensa¬ 
is 

tion rates two orders of magnitude greater than the 

reference values is given by the curve labeled with 

circles and the corresponding time scale is in units of 
4 

IQ. years. The three curves do not overlap. An order of 

magnitude change in condensation rates does not produce 

an order of magnitude change in the time scale because 

the change in condensation rates alters the target 
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abundances and thus alters the relative production of 

26
AI. 

The overlapping curves labeled "all rates 10xH and 

"all rates lQOx" are the results of increasing both pro- 

duction and condensation rates by factors of IQ and 100, 

respectively. The symbols on the curves indicate the 

appropriate units for the time scale% It is clear from 

26 2 7 
Figure IV—7 that the time needed to reach Al/ Al 

gas 

6 x IQ can be effectively reduced by an order of mag- 

nitude by increasing all rates by an order of magnitude. 

22 23 
Figure IV—8 shows the behavior of the Na/ Nagas 

ratio as all rates are increased by factors of IQ and 100. 

The effect of increasing the condensation and production 

rates is not only to shift the curve to an earlier time 

as in the previous case with aluminum, but also to shift 

22 23 
the curve upward to larger Na/ Nagas ratios.. The net 

result is that increasing all rates by an order of mag- 

nitude decreases the time necessary to achieve a desired 

ratio by more than an order of magnitude. For example, it 

takes approximately 2*5 x 1Q° years to reach ^Na/^Na ^ 

1 x IQ when the rates of condensation are R^ = RNa = 

2 6 26 26 
A , R^ - 4X , and Rgj. = 2 A. with standard production 

4 
rates.. It only takes approximately 10 years for the 

^Na/^Na ratio to reach 1 x 10^ when all of gas 

the rates are increased by a factor of lQt The difference 

between the Behavior of the aluminum and sodium ratios 

22 is due to the fact that Na can be produced from a non- 
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22 condensable target, namely Ne, while there is no 

26 22 
comparable target for °A1. The rate of Na production 

22 
from Ne increases when the production rates are. increasedr 

but is essentially unaffected by changes in rates of 

22 23 condensation, causing the Na/ Nagas ratio to increase 

26 27 more rapidly than the Al/ Algas ratio.. 

It is possible to determine the conditions necessary 

to reach ^Al/^Al = 6 x 10~^ and ^Na/^Na = 1 x 10~® gas gas 

simultaneously.. In Figure IV-2 an arrow along the dashed 

22 23 line at Na/ Na = 1 x 10 indicates the time at which gas 
26 27 5 
°A1/ AI s ~ 6 x 1Q~ for the same condensation parameters 

and spectral index as shown for sodium. The curve corres- 

2 6 
ponding to RJJ = 4A, crosses the dashed line closest to 

the arrow and hence is the desired sodium condensation rate. 

As ÏÏ increases a longer time is required to reach the 

desired aluminum ratio. These times are indicated by the 

arrows in Figures IV-3 and IV-4* For both y = 3*5 

2 6 
and y = 4*5 a rate of sodium condensation of 'v 3.5A 

22 23 ^8 
appears to be appropriate to reach Na/ Nagas ^ 1 x 10 

at the time ^Al/2^Al = 6 x 10^, gas 

IV—2* Condensation Rates — Solid 

When considering isotopic and elemental ratios in the 

solid phase several things must be kept in mind* The 
26 27 22 23 
°Mg/ MÇfgoüa an<^ ^Na/ NaSQiid ratios in an amount of 

material that condenses at time t are the ratios 
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characteristic of the gas phase at time t._ In the solidf 

26 22 26 27 
decay of Al and Na causes the Al/ Al an<^ 

22 23 
Na/ Na

soiid 
rati°s to decrease» Accordingly, the 

0*7 OO '3 

°Mg/ /Also^j-(j and Ne/ JNasol£â ratios increase.. Thus, 

if an amount of material condenses from the gas at time t 

and remains a discrete lump, it will contain the ratio 

present in the gas at time t and at any later time the 

decay products will provide information as to what the 

initial ratio was. This is the scheme promoted by Lee 

et al, (.1976, 1977) for the high temperature Allende inclu¬ 

sion which they investigated. 

However, the material present in the whole solid 

at time t is the result of accumulation via condensation 

from time t when all processes begin, to time t. In 

order to determine the °Mg/ 7A1 or ^Ne/ JNaso^£ 

ratio in the total of all of the solids that condensed 

between t and t, it is necessary to integrate over all 

the contributions to the solid from t to t. Although 

this is possible, it does not provide the most relevant 

26 22 
information because today all of the Al and Na is 

extinct, that is there is no live ^Al or ^Na left in 

the solid. Thus the most interesting ratios are 

26 27 22 23 
°A1/ Al and Z^a/ZJNasoix(j tAe accumulated solid. 

If no decay occurred these ratios would still obtain 

today.. Since decay did proceed to completion in the 

solid, these ratios allow the calculation of. excess 

2£ 22 
Mg and Ne present today» 
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The effect of varying condensation rates on ratios 

in the solid was examined in a manner similar to the 

gas ratios. Changes in and Rg^ by factors of 10 

22 23 
have no noticeable effect on the Na/ ^asoücl ratio* 

Figure IV~9 is a graph of this ratio vs. time for the two 

spectral indicée y = 2,5 and y = 3.5 and two different 

26 26 
rates of magnesium condensation, 2X and 1QX . At 

5 5 x 10 years the two rates of magnesium condensation 

22 23 examined produce slightly different Na/ ratios. 

This difference becomes negligible as time increases be-> 

22 cause production of Na in the gas phase is dominated by 

23 22 22 22 the reactions Na(p,xl Na and Ne(p,nl Na* Figure 

22 23 
IV^IQ shows the behavior of Na/ Na

soüd as a functi°n 

of time for several sodium condensation rates while all 

other rates are held constant. For rates of sodium 

26 2223 condensation of 2X or less, the Na/ JNaso^£ ratio has 

** 8 6 not reached 1 x 10 even after 5 x 10 years. When the 

2 6 
condensation rate is as large as 10X , all the original 

23 6 22 
Na condenses within 2,5 x 10° years. As zNa continues 

22 22 
to be produced in the gas by the reaction Ne(p,n) Na 

22 23 and subsequently condenses into the solid the Na/ Na
soiici 

ratio continues to climb* 

26 22 With a sodium condensation rate of 1QX the Na/ 

23 
Na solid ratio is 1 x Id" at 1 x IQ years* If the 

condensation rate is increased by an order of magnitude 

to lQQX^ then ^jja/^Na^^.^ at 1 x 1Q^ years is also 

increased by an order of magnitude to 1 x 10^ as shown 
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in Figure IV-11. The result of increasing production 

and condensation rates by factors of IQ and 1QQ for y = 

2.5 are also shown in Figure IV-11 with corresponding 

shortened time scales» As in the gas, increasing all 

rates not only reduces the timescale but also increases 

the value of the ratios obtained» The high condensation 

rates as well as increased production rates shown in 

22 23 Figure IV-11 all result in Na/ Na
soiid ratios above 

— 8 
lx IQ for all times investigated. 

In Figure IV—12 the Al/ Al ratio in both the gas 

and the. solid phases is shown for comparison. Although 

the ^^Al/^^Al ratio reaches 6 x 10~^ after about a half 
' gas 

million years when the 2^A1/2^A1SO1;J^ ratio 

-5 does not reach 6 x IQ even with condensation rates 

2 6 
as high as 3QA ,, Calculations using values up to 

2 (z 26 27 
1QQA, reveal that the Al/ Alg^^ ratio does not reach 

-5 6 6 x 10 even after 5 x 10 years. The difference between 

the behavior of the 22Na/2^Na and ^Al/2^A1 ratios 

can he traced to the same cause as the difference in the 

behavior of the 22Na/22Na and 2^A1/2^A1 ratios. In gas gas 
2627 26 

order for the Al/ Algo^^(j ratio to increase, Al must 

be produced in the gas and condense into the solid before 

decay.. But condensation continuously removes the target 

26* 27 
nuclides Mg and Al from the gas.. The depletion of 

targets in the gas progresses faster with increased con¬ 

densation rates» Although high condensation rates allow 

2 G 
more Al to Be trapped in the solid before decay, less 
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26 
°A1 is produced in the gas by nuclear reactions on the 

rapidly diminishing number of targets. This effect 

does not occur in the case of sodium because the primary 

22 22 
target for Na production, Ne, is not removed from the 

gas by condensation and thus provides an essentially 

22 
undiminished source of condensable Na no matter how 

fast condensation proceeds. 

IV3 , Energy Cutoffs 

Clayton et al. C1977I find that both ^Al and ^Ne 

cannot be produced at the same time in the necessary 

amounts by bombardment of grains unless the protons all have 

energies between 5 MeV and 9 MeV.. The production rates 

for each reaction can be calculated for any energy 

interval by using the boundaries of the range of interest 

as the limits of the production rate integral, keeping the 

same differential flux relation as given above» Using 

a lower limit of 5 MeV and an upper energy cutoff of 

IQ MeV produces the results shown in Figure 1^13, The 

curve labeled y ?= 2,5 can be compared with the curve labeled 

2 6 
R^ ?= 4^ in Figure IV-13.. Longer times are required 

2g 2 V 
to reach. °Al/ Al ^ 6 x IQ*' when the incident protons 

are restricted to energies between 5 MeV and 10 MeV, simply 

because the cutoffs reduce the production probabilities. 

2 27 The shape of the Al/ Al s vs. time curve is unchanged. 
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Reactions with energy thresholds above 10 MeV do not 

take place and the respective production rates for these 

reactions are zero. Elimination of some reactions and a 

reduction in the effectiveness of the others is the cause 

of the shift in the curves. 

22 23 The Na/ Na ratio as a function of time for 
gas 

protons with energies, E, 5 MeV ^ E ^ 10 MeV for a spectral 

index t = 2.5 is shown in Figure IV-14 for different rates 

A 26 
of sodium condensation. Part of the curve for R„ = A 

Na 

with 't = 3.5 has been included for comparison. With 

» 26 22 .23 -8 
Rkt, = 4A the ratio Na/ Na = 1 x 10 is reached at Na gas 

approximately the same time both for the case of protons 

with energies between 5 and 10 MeV and the case of full pro 

duction rates as shown in Figure IV-2. As the rate of 

26 
sodium condensation decreases below 4A , the difference 

between the two cases increases. For protons limited to 

a range of 5 MeV in energy, the length of time to reach 

22 23 “8 6 
Na/ Nagas = 1 x 10 with RMg = Rj^ is 0.5 x 10 years 

longer than for protons with a normal spectrum. 

The short vertical lines marked off on the curves of 

26 ,27 
Figure IV-14 correspond to the time at which Al/ A^gas 

—5 
reaches 6 x 10 for the same energy range and condensation 

parameters as represented for sodium. A sodium condensa- 

% 26 
tion rate of ^ 3.5Â would appear to be the most favorable 

for simultaneous production of both ratios at the desired 

level with = 2.5. 
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22 23 
The Na/ Na ... ratio as a function of time with 

solid 

a proton flux limited to energies between 5 and 10 MeV is 

shown in Figure IV-15. The curve for = 2.5 can be 

compared to the results shown in Figure IV-10. Initially, 

22 23 the Na/ Na
soii<3 

rati° is larger for protons of limited 

energies, but the increase in the ratio with time is very 

6 
slow. After 5 x 10 years the sodium ratio in Figure IV-15 

is smaller than the ratio obtained using production rates 

calculated for a full range of proton energies. 

26 22 .23 
When R = 3/T » Na/ Na . is just below Na solid 

8 6 I'* 8 
1 x 10" after 5 x 10 years. In order to reach 1 x 10 

g 
at w o.75 x 10 years, which corresponds to the time that 

-5 
the aluminum ratio is 6 x 10 , calculations show that a 

>26 
sodium condensation rate of 15/ is required. The 

curves in Figure IV-15 can be shifted upward by increas¬ 

ing k (proton flux), keeping all other parameters constant. 
-8 

ratio will thus reach 1 x 10 
22 .23 

Although the Na/ Na 
solid 

earlier in time, the increased flux will also shorten the 

26 , .27 -5 
time required for the Al/ A1 ratio to reach 6 x 10 . 

gas 
22 23 

The Na/ Na ,. , ratio increases faster than the aluminum 
solid 

ratio, however. Calculations show that if k is increased 

by a factor of 20, even though the protons are restricted 
5 

to energies between 5 and 10 MeV, after 10 years the 

26 .27 -5 
Al/ A^gas ratio is approximately 6 x 10 and the 

22 23 
Na/ Na^ rati° is simultaneously approximately 

1 x 10~8. 
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A flux of protons limited in energy to range from 

5 MeV to IQ MeV is probably too specialized to occur 

naturally. Instead, since the particles will be travel¬ 

ing through the gas of the solar nebula, it is more likely 

that the flux will be depleted of low energy particles. 

This depletion can be represented by low-energy cutoffs 

in the proton flux.. As mentioned above, the most productive 

reactions are those which have a low energy threshold and 

high cross sections at low energies. Each of these char¬ 

acteristics makes maximum use of the large numbers of 

protons that have low energies. The introduction of a 

low energy cutoff into the proton flux eliminates the 

large, numbers of low energy protons, shifting importance 

from the lowest threshold reactions to those with a 

threshold at or above the cutoff energy, 

26 27 
Figure IV-16 is a graph of the Al/ Algas ratio 

as a. function of time for three different energy cutoffs 

and three spectral indices. The solid lines represent 

y = 2,5, the dashed lines represent y = 3,5, and y = 4.5 

is indicated by the dotted lines. The curves marked by 

solid circles are the results calculated for a proton 

spectrum which contains particles of 5 MeV energy or greater, 

and the crosses and triangles represent cutoff energies of 

IQ MeV and 15 MeVf respectively. For all spectral 

indices the curves that represent an energy cutoff of 

5 MeV cannot be distinguished from the curves generated 

using the full production rates. The same is not true for 
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cutoff energies of IQ MeV and 15 MeV, however. Above 

5 MeV and within the set of cutoff energies for one value 

of Yf as the cutoff energy increases, the time to reach 
2 c 27 
Al/ Al also increases. This is due to the fact that gas 

the total number of protons decreases, reducing the number 

of possible reactions. In addition, reactions that were 

effective at low energies decrease in importance when a 

low energy cutoff is assumed* 

26 27 It is interesting to note that an Al/ Al g ratio 

of 6 x IQ occurs at an earlier time for a spectral index 

of y = 4,5 and an energy cutoff of 5 MeV than for a 

spectral index of y - 3.5 and an energy cutoff of 15 MeV. 

Thus a steep proton spectrum with a low energy cutoff can 

be more, effective than a less steep spectrum with a higher 

energy cutoff. The same comments apply to the ratios 

22 23 22 23 
Na/ Nagas 

an<^ Na/ Nasolid s^own Figures IV-17 and 

IV-18, respectively. Again, the times at which the 

26 27 5 
Al/ 7A1 ratio reaches 6 x 10~ are marked off on the gas 

corresponding curves by short vertical lines. The same 

parameters will produce the desired isotopic ratio for 

low energy cutoffs ranging from 1 MeV to 5 MeV, This 

is a result of the fact that protons with energies greater 

than 5 MeV produce results that are indistinguishable from 

results generated by protons covering a full range of 

energies. Thus ^Na/^Na g ^ 1 x 10^ at the time that 

2^A1/^A1^„ *= 6 x lCf^ for RNa = 4X
2^ and a 5 MeV energy 

gas 

cutoff. In the solid = 15X 26 is needed to reach 
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2223 -3 
Na/ Na ,. _ £ 1 x 10 for E £ 5 MeV, and the required 

solid 
.26 „ 26 

sodium condensation rates increase to 25A and ~ 30A 

for energy cutoffs of 10 MeV and 15 MeV. As demonstrated 

earlier, it is important to note that all curves in 

Figures IV-17 and IV-18 can be raised by increasing the 

value of the flux constant k. 

IV-4. Delta Values 

The work of Lee et al. (1976, 1977) provides an addi¬ 

tional constraint to the aluminum-magnesium scheme. The 

26-,/27-T 
Al/ A1 ratio 

gas 

known as cf2^ where 

2g 97 “** 5 
D
A1/ /A1 ratio of 6 x 10~ is associated with a quantity 

gas 

i 26 
.26M ,24 . 
( Mg/ Mg) 

meas 

(2^Mg/24Mg) 
-1 

norm _ 

x 1000 

meas 
,26 26 24 

and o is measured in parts per thousand. Mg/ Mg 

26 
is the ratio of the amount of Mg measured in the sample 

24 26 .24 
to the amount of Mg measured, while the Mg/ M9norra 

ratio is the mean isotopic ratio of terrestrial magnesium. 

r26 
Lee et al. (1976) demonstrated that d and aluminum content 

in high temperature Ca-Al rich inclusions of Allende were 

linearly correlated. Within the limits of experimental 

resolution, extrapolation to samples containing no 
,26 

aluminum yielded o ft 0, Further measurements (Lee et al., 
r26 0/ 

1977) revealed ad = -0.4 + 0.6/o«. This is an interesting 

result indicating that even if no aluminum condensed from 
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26 24 
the solar nebula the °Mg/ rîg ratio in condensing material 

could be smaller than the ^Mg/^Mg ratio of terrestrial 

samples which is taken as "normal" magnesium isotopic 

composition. 

2 6 Figure IV-1& shows the variation of 6 with time for 

2 6 
different aluminum condensation rates.. The value of 6 

becomes increasingly more negative with time because the 

2 6 destruction of Mg far outweighs its production in the 

24 gas phase, and also because the amount of Mg present is 

27 24 25 24 
increased by the reactions Al(p,a) Mg and Mg(p,dl Mg. 

2 6 
The 6 values are approximately the same for any particu¬ 

lar time, regardless of the aluminum condensation rate, as 

2 6 shown in Figure IV-19. Any fluctuations in these 6 vs. 

time curves are probably due to the fact that results 

differing in the fifth or sixth significant digit are 

subtracted, producing a case where an apparently small 

error can become noticeable. 

Figure IV-2Q shows 6^ at times when ^Al/^Al g = 

—5 6 x 10 as a function of the ratio of the rate of 

aluminum condensation to the rate of magnesium condensa¬ 

tion. As the rate of aluminum condensation increases, 

2 6 
<5 also increases and then becomes fairly constant for 

2 6 
4$ . The basic reason for this is that increasing 

RAl^^Mg ^roin 1 to ^ substantially shortens the time which 
27 ^ 

must eJ.a,pse before Al/ Al becomes 6 x IQ Cfrom ga,s 

3 x 10G years to 'V' 0.5 x 10^ years!,. As the irradiation 

time is decreased the proton fluence also decreases 
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26 
and thus less Mg is destroyed by nuclear reactions, 

2 6 
This moves 6 toward zero. Further increases of the ratio 

R 
‘Al/^Mg ^rom 4 to 10 continue to reduce the time scale, 

6 
but not by as large an amount Cfrom ^ 0.5 x 10 to 

6 26 'v Q,3 x 10 1 so the value of <S remains approximately the 

same for > 4. 

If both condensation and production rates are multiplied 

by factors of IQ and 100 (points labeled "all rates lOx" 

2 6 
and "all rates 100x"’ on Figure IV-^20) , the 6 value at the 

time when °Al/ *A1 g = 6 x 10’" is approximately the same 

as without the multiplication factor. This can be under¬ 

stood in terms of the total irradiation, as above. As 

shown in Figure IV-7, increasing all rates by an order of 

26 27 
magnitude decreases the time needed to reach Al/ Al = 

-5 
6 x 10 by an order of magnitude. However, since the 

production rates have been increased by a corresponding 

2 6 
order of magnitude, the effect on Mg destruction is 

approximately the same as the situation described immedi- 

2 6 
ately above and the resultant Ô values are nearly the 

same. If the condensation rates alone are increased by 

2 6 
factors of 10. and 10Q, the resultant values of Ô are 

very nearly zero. Increasing the rates of condensation 

shortens the time scale by nearly an order of magnitude 

Cref, Figure IY^7I, Since the standard proton flux has 

26 
a shorter time, in which to act, less Mg is destroyed and 

26 27 5 
the abundances present when Al/ 'Al g = 6 x 10" are 

close to original abundances, producing small values of 6 
26 
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Although, the points are not shown on Figure IV-20 f 

2 6 
values of $ all lie between 0 and —Q..06%>at the time 

^Al/^Algas = 6 x 1Q"5 for all the energy cutoffs in¬ 

vestigated., The calculations show that as y increases, 

2 6 
the magnitude of <5 generally gets smaller although the 

value remains negative» These two effects can be under¬ 

stood in terms of the production rates for various re¬ 

actions. Changes in parameters such as cutoff energy and 

spectral index that result in a reduction of the pro¬ 

duction rates for the nuclear reactions reduce the effect 

of the proton irradiation and hence result in more "normal" 

values. 

2 6 
Large values of 6 , both positive and negative, can 

be obtained by varying R^. Figure IV-21 shows the value 

2 6 
of S as a function of time for a spectral index of 2.5 

If 
26 26 

and condensation rates R... = 4XZ and R„. = 2K 
Al Si 

= X 
26 .26 

becomes more negative with time reaching 

-0.45%. at 5 x 10° years. If the magnesium condensation 

rate is increased to 6X2^, the value of <5^ decreases for 

6 26 
the first 1.5 x 10 years, at which point <5 begins to 

26 6 
increase. With R^ = 1QX the turning point is 1 x 10 

26 27 
years. As on previous graphs, the time at which Al/ Al 

= 6 x 10~^ is Indicated by arrows.. The symbols below the 

arrows indicate the appropriate magnesium condensation 
2g 2.6 27 

rates» For Rj^ - \ the Al/ Al ratio is reached when 

26* 26 
S' ^ ^»08» For magnesium condensation rates of 1QX 

and 6X2^, assumes positive values before the desired 

gas 
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aluminum ratio is achieved. Hence large magnesium 

condensation rates do not look promising. 

2 6 
The tendency for 5 to become positive can be reduced 

by decreasing the relative rate of aluminum condensation. 

2 6 
Figure IV-22 illustrates the behavior of 6 as a function 

The rate of 

aluminum condensation is fixed at 2A‘“'',, The values plotted 

on the ordinate are absolute magnitudes; the delta values 

of time for three different values of 

26 
^Mg' 

actually calculated were negative. For all three rates of 

26 5 
magnesium condensation examined, 6 ~ -0.02 after 2 x 10 

years.. By increasing F^. it is possible to obtain very 

26 
large negative values of 8 . An arrow indicates the 

time at which ^Al/^Al equals 6 x 10 ^ for R,_ = A^. 
■ gas ^ Mg 

2 6 
At this time ô îb -..10%o. The corresponding time cannot 

be shown on the other two curves since even at 5 x 10^ years 

26_1/27_. c . _—5 
Al/ Al < 6 x 10 

' gas 
26 26 

Decaying Al contributes to Mg , increasing 
J r gas ^gasf 3 

26 26 
8 . Large negative values of 8 indicate that nuclear 

reactions must be more efficient at producing ^Mg or 

26 2624 
destroying Mg in order to keep the Mg/^ M9gas value 

2 6 
lower than the initial value to which 6 is normalized. 

Examination of the gas phase equations shows that the 

24 
abundance of Mg is increased by nuclear reactions.. With 

R^ sana 11 compared to R^g. the. effect in the gas is to 

24 26 26 
increase Mg more tha|n Mg* Thus o can be influenced 

2 6 
not only by changes in Mg, but by small fluctuations 

24 
in Mg when only small amounts of magnesium remain in the 
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2 6 
gas. This is a result of the definition of 6 in terms 

of the ratios of two isotopes. Although condensation 

characterized by R^ > is efficient at producing large 

26 2627 
negative values of & in the gas, the °A1/ 7A1 g 

r-5 
ratio does not reach the desired value of 6 x 10 at the 

2 6 
same time. The 6 values are basically artifacts of the 

normalization and 

scheme. 

R
MC 

> R., is not a desirable condensation A1 

26 
Figure IV-23 shows the magnitude of 6 as a function 

of time for the three different spectral indices and R^ = 

.26 
4 All of the ô values are negative. Arrows indicate 

2 6 27 5 
the times when °A1/ 7A1 g = 6 x 10” . The largest 

2 6 
negative 6 values occur in the gas when y = 2.5. 

2 6 
Negative $ values measured in Allende inclusions indicate 

2 6 
that if irradiation was the cause of the excess Mg, the 

spectrum was not' steep, y < 2.5. If the flux is increased 

in magnitude then there will be a corresponding increase 

in |$ [. However, the increased production rates produce 

O C 0 7 r 

°A1/ 7A1 = 6 x 10" earlier in time, when the value of 
gas 

2 6 
<S is still very small. Thus fluxes characterized by 

16 
k > 10 and large values of y are not effective at pro¬ 

ducing favorable conditions for the anomaly. 

Ft Is. Important that with R^ > negative values 

of 6 can be obtained by low spectral indices in the 

irradiation-condensation scheme. If the negative anomalies 

were not observed then these calculations would have set 

an upper limit on the irradiation that could have bombarded 
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26 
the solar nehula. The possibility of negative 5 result¬ 

ing from proton irradiation does not imply that an 

irradiation did occur, but that if it did it may be the 

source of anomalies in both magnesium and neon* 

IV-5. Characteristics of the Gas and Solid Phases 

The generation of anomalies in magnesium and neon by 

a proton irradiation of the condensing solar nebula cannot 

be considered viable unless two criteria are satisfied 

in addition to the characteristic isotopic ratios * First, 

no detectable changes in neon or magnesium isotopic 

composition other than the observed anomalies should 

result from the irradiation. Second, for the aluminum- 

26 27 magnesium scheme, in order for the Al/ Al ratio to 
ÇfclS 

be meaningful a reasonable amount of aluminum should be 

available in the gas to condense with the appropriate 

ratio. 

Neon does not condense. Any change in gas phase con¬ 

centrations of neon must be due either to nuclear reactions 

22 or to the decay of Na. The results show that, for al- 

22 2Q 
most all cases, Ne and Ne decrease in abundance, while 

21 
the amount of Ne present increases. This effect is 

20 22 
undetectable, however, since the Ne/ Ne ratio in the 

^4 2 2_ 22 
gas never changes by more than ^ 2 x 10~ and the Ne/ Ne 

—4 
ratio is constant to ^ 8 r 10 . Neither of these are 

observable variations. Thus it is safe to assume that 
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neon trapped from this gas phase always has "solar" 

isotopic composition. 

Condensation of a species such as magnesium does not 

directly affect the gasphase isotopic composition because 

rates of removal from the gas are assumed constant for all 

isotopes of the same element. The transformation of one 

species to another via nuclear reactions has a small effect 

on isotopic ratios, but when this is combined with the 

fact that the targets and products may be different 

elements and hence may have different condensation rates, 

the isotopic effects may become enhanced. This is the key 

to the irradiation and condensation scheme. 

Lee et aJL. (1976) analyzed the results of their mass 

spectrometric measurements of "normal" magnesium (ter¬ 

restrial samples and matrix from one chondrite) to 

establish a criterion for resolving normal and anomalous 

magnesium. They decided that isotopic ratios that deviated 

from the normals by more than 3C would be recognizable 

as distinct from normal magnesium. This sets an upper 

, -3 
limit of 39/12475 or 3.1 x 10 on the variation in the 

25 24 
Mg/ Mg ratio that can be caused by the irradiation. 

25 24 
The calculations show that the maximum change in Mg/ Mg 

-4 
in the gas phase is 2 x 10 , well below the detectable 

limit. 

27 
Figure IV-24 shows the amount of A1 left in the gas 

26 , ,27 , -5 
at the time that Al/ A1 = 6 x 10 as a function of 

gas 

the ratio of the rates of aluminum and magnesium 
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condensation* For a spectral index y =2,5 a maximum of 

27 
'v 14% of the original Al remains in the gas when R ^ 

26 2 6 is in the region 2X £ R ^ £ 3X , It is interesting 

to note that even though the time required to reach the 

desired aluminum ratio depends on the rate of aluminum 

condensation (jref. Table IV^lî , if 1.5X2*5 < R*, <: 9X2^ 

then when 2^Al/2^Al = 6 x 10”^ at least 10% of the 

original amount of aluminum still remains in the gas. 

Although this is not a large amount compared to the total 

amount of aluminum that will condense and form minerals, 

it may be sufficient to account for the material of the 

2 6 Allende inclusions that contain excess Mg. 

As shown by the curve labeled with closed circles 

0 7 
in. Figure wi/h y = 3,5 a maximum of ^ 1% of yAl 

2627 m6 remains in the gas when °A1/ A1 _ = 6 x 10"' for R,,/ 
ÇfclS AX 

Rj^g = 4. Increasing the spectral index results in longer 

time intervals and hence less aluminum in the gas when 

desired conditions are met. Thus, in terms of available 

material, higher spectral indices are less favorable. 

Included in Table IVV1 is the amount of sodium 

26 27 present in the gas at the time that Al/ Algag = 6 x 

1Q~^ and 22Na/^Na = 1 x 1Q^. As in the case for 

aluminum, the amount of sodium decreases by an order of 

magnitude each- time the spectral index increases by 1*0. 

With, a spectral index y = 2*5 approximately 13% of both 

aluminum and sodium are available with the desired 
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gas 
22 23 

and z Na/ Na 
gas 

ratios after about half a 

million years of condensation and irradiation.. 

At this point it is appropriate to discuss hypotheses 

of the condensation sequence from a gas (e.g,, Larimer, 

1967; Larimer and Anders, 1967; Grossman, 19721 and to 

determine if the condensation rates required by the irradia¬ 

tion-condensation model fit the currently accepted scheme. 

Table IV-2 shows the results of thermodynamic calculations 

of material in a gas phase. Selected important condensates 

are listed with their condensation temperature. Aluminum 

is the first element to be removed from the gas by the 

formation of corundum at 1760°K. Unfortunately the 

sequence immediately becomes complicated because new 

minerals can form not only by direct condensation of the 

gas, but also by reactions between the gas and already 

existing minerals. Corundum, for example}begins to 

react with the gas to form melilite at 1625°K, and at 

1515°K the corundum combines with the gas to convert all 

of the remaining corundum to spinel. The results shown 

in Table IVT2 predict that as a gas of solar composition 

cools, the first element of interest to condense is 

aluminum, followed by magnesium and later sodium. This 

implies R^ > R^ qualitatively, without any real 

clues as to the actual magnitudes.. In this respect the 

condensation-irradiation scheme examined here at least 

does not appear to be contradictory to ideas on condensa¬ 

tion ^ 
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A more quantitative analysis might include varying 

the rates of condensation as a function of time to account 

for different cooling rates in the gas, or even assigning 

= RNa = Q for a time while thé temperature is such 

2 6 
that only aluminum condenses* Production of the Mg 

anomaly could occur with relative rates of aluminum to 

magnesium condensation R^/R^ from 2 to about IQ and 

still provide v 1Q% of the original aluminum* Although 

22 the calculations for anomalous Ne were done for R ^ = 

26 26 4A and R^ = X , as stated in the previous section the 

22 23 
Na/ Nagas ratio is relatively insensitive to rates of 

aluminum and magnesium condensation.. It is thus possible 

to preserve an R^/R\jg ratio while increasing both rates 

to satisfy the condition > R^ > RNa- This would 

permit optimum amounts of aluminum and sodium to reside 

in the gas at the time that both key isotopic ratios are 

achieved * 

One way in which the anomaly in Neon^-E differs from 

anomalous magnesium concerns the site of the minerals 

containing the anomaly. Anomalous magnesium is found in 

Ca’-Al rich inclusions in Allende, a C HE carbonaceous 

chondrite, while Eberhardt (.19741 has found that non- 

colloidal, non-magnetic silicates separated from the bulk 

of Orgueil (a. Cl carbonaceous chondrite) are enriched in 

2 6 Neon-E* The excess Mg in. Allende inclusions has been 

found to correlate with, aluminum content while no positive 

identification of Neon-E with sodium content has yet been 
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established. As discussed earlier, one current hypothesis 

for the magnesium anomaly has been that the high tempera¬ 

ture Allende inclusion is a capsule of material that 

condensed from the solar nebula at the time that the 

26 27 5 
aluminum ratio in the nebula was °A1/ 7A1 £ 6 x 10~ . gas 

There is no evidence to indicate the same type of origin 

for Neon^E. It is possible that the silicates separated 

by Eberhardt are also condensates from a particular 

point in the time evolution of the condensing, irradiated 

nebula.. Alternatively, the silicates from the bulk of 

Orgueil may contain a mixture of the condensates collected 

over a period of time from the solar nebula. If the second 

possibility is considered then the results of calculations 

22 23 for Na/ Na
soij_(fi are relevant.. 

22 23 Figure iy-^-lO shows the Na/ Na
soiid 

ra^^-° as a 

function of time. It can be seen from this graph that as 

2 6 
the rate of sodium condensation increases beyond 2A , 

2? 23 
increasingly larger ratios, of ~Na/ Na can achieved 

after 5 x 1Q^ years. If RNa = 10A^, then after 1 x 10^ 

22 23 years of irradiation and condensation the Na/ Na ratio 

— 8 
in the condensed material is 1 x 10 , This ratio will 

22 
continue to increase with time as more Na is formed in 

the gas and condensed into the solid. The advantage of 

considering the neon anomaly as resulting from accumula¬ 

tion in the. solid oyer an extended period of time is that 

the1, requirement tha,t some sodium exist in the gas when 
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22 23 “"8 
Na/ JNa =5 1 x 10 no longer holds. Thus the sodium 

condensation rate can be changed without concern for the 

22 23 
gasphase concentration of sodium* Since the Na/ Na

soiid 

ratio is hasically independent of the rates of aluminum, 

silicon, and magnesium condensation, these condensation 

rates can be altered to optimize the aluminum-magnesium 

scheme without disturbing the sodium-neon scheme. 
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V. Discussion and Conclusions 

In the previous section the irradiation-condensation 

model was examined in detail. This section contains a more 

general interpretation and explanation of the results in 

which the processes of irradiation and condensation are con¬ 

sidered separately. Energy requirements are examined by 

considering different spectral indices. The discussion of a 

reservoir mixing model treated by the same equations as the 

irradiation-condensation scheme is presented for comparison. 

An estimate of the flux of secondary neutrons is included and 

several problems with the model are recognized. 

V—1. Irradiation of a Gas 

In order to separate the effects of condensation and 

irradiation, it is easiest to first consider a gas of solar 

composition that does not condense. This situation can be 

simulated by setting all of the condensation rates in the 

equations for the concentrations of various species in the 
3 

gas phase equal to zero. An arbitrary time of 10 years can 

then be assumed, intermediate to the lifetimes of the two 

important nuclides Na and Al. The various isotopic ratios 
3 

at the end of 10 years can be calculated. Attainment of the 

26 27 c 3 desired °A1/Z 'Algas ratio of 6 x 10*" in 10 years requires 

that k, and hence the standard proton flux, be increased by 

21 
three orders of magnitude, resulting in a total of 6.7 x 10 
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_2 
protons-cm impinging upon the gas during the irradiation. 

It is possible to determine other isotopic ratios under 

the same conditions as described above. The value of the 

22Na/23Na ratio is 1.52 x 10-6 when 26A1/27A1 » 6 x 1(T5 
Cj clo 

in the gas. The definition of a delta value can be broadened 

to include any two isotopes of the same element. Thus, for 

neon 

(22 _ (22Ne/20Ne) t 

L(22Ne/20Ne)initial 
- 1 x 1000. 

2 6 
In addition to S defined earlier, 

<f25 = 
(25Mg/24Mg) t 

(25Mg/24Mg)inltial 
- 1 x 1000. 

The change in neon isotopic composition is thus measured by 

2 2 
<f which has the value of +0.045^o at the end of the irradi¬ 

ation. Similarly, <f25 = 4.15 x 10_3^» and <f2& = 0.026%» 

when 26A1/27A1 ,0 2 6 X 10"
5. 

gas 

The next step is to examine the changes in the isotopic 

ratios caused by changing the parameters of the irradiation. 

It is possible to require that the same total number of pro¬ 

tons impinge on the gas while allowing the duration of the 

irradiation to vary. This is equivalent to saying that the 

proton fluence (fluence = flux x time) is held constant while 

the irradiation time is changed. The original fluence used 

in this section was chosen by requiring that at the end of 

-5 the 103 years of irradiation 2^Al/27Algas 
= 6 x 10 This 

value does not change as long as the fluence remains constant. 



112 

gas 

In addition, the delta values do not exhibit any variation in 

magnitude as the time is lengthened or shortened as long as 

the fluence is maintained. This is not true of the sodium 

22 23 ratio. The variation in the Na/ Nagas ratio is roughly 

inversely proportional to the irradiation time except for 

22 times near the mean lifetime of Na. If the time of irradi¬ 

ation is one year, calculations show that with k increased 
g 

by a factor of 10 as is necessary to maintain the same 

22 23 —4 
fluence, the Na/ Na ratio is as large as 3.59 x 10 

This is the main difference in the behavior of the two iso¬ 

topic ratios and arises from the difference in their mean 

lifetimes. The Na/ Na ratio in general depends on the 

length of time of the irradiation, while the ^Al/^Al 

ratio is basically controlled by the fluence. 

26 2 7 
The value of the Al/ Al „ ratio and all the other ' gas 

isotopic ratios as well can be increased by simply increasing 

the number of protons and thus enhancing the effects of the 
3 

irradiation. When the standard flux is increased by 10 and 

the irradiation is allowed to proceed for 10 years, the 

effects of the irradiation are magnified. The delta values 

in magnesium and neon are 4% and 5%, respectively. As the 

time of irradiation is increased and the flux is kept constant, 

26 27 
the Al/ Al g ratio increases in proportion to the time. 

6 26 27 Beyond 10 years the Al/ Al g ratio is no longer propor¬ 

tional to the irradiation time, but approaches an equilibrium 

value of 0.068. 

Examination of the irradiation process separate from the 
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effects of condensation prompts the consideration of a model 

in which irradiation is completed before condensation begins. 

In the unrealistic case in which condensation begins at the 

moment that the irradiation ends, the isotopic ratios in the 

first solids to condense would be those characteristic of the 

irradiated gas. As the time interval between the two pro- 

cesses lengthens decay occurs, reducing the Al/ Al g and 

the ^^Na/^^Na^as ratios and increasing the 6
ZZ and c/D values. 

Thus a gas which is irradiated before condensation occurs 

would require the effects of irradiation to be large in order 

to be manifest during the condensation phase. This case 

places an upper limit on the flux required to produce a 

given 26Al/27Algag ratio. 

The starting composition of the gas was assumed here to 

be solar (Urey, 1972), with an elemental ratio Al/Mg of 

approximately 0.08. The initial amount of magnesium present 

can be decreased up to two orders of magnitude before a 

24 detectable Mg excess results, assuming the same fluence as 
O O *7 », c Q 

is necessary to produce °Al/ /Al g = 6 x 10 in 10"3 years. 

Under these conditions é26 xs +2.7 /oo. If the amount of 

aluminum is increased by a factor of 100, thus changing the 

Al/Mg ratio by the same amount, there is no detectable change 

in 24Mg. 

i22 /26 

V-2. Condensation 

The process of condensation has two basic effects; first, 

it removes from the gas certain target atoms for nuclear 

reactions. Second, it diminishes the number of "reference" 
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nuclides present which are used in ratios for comparison of 

concentrations of species. Each of these effects is examined 

in this section. It is appropriate to note here, however, 

that the effects of the irradiation, as demonstrated in the 

previous section, are still in effect. The final result is 

a superposition of the two processes. 

As a first step in the analysis of the effect of conden¬ 

sation on target abundance, consider the isolated process of 

aluminum condensation. Nuclear reactions on aluminum are 

. 22 22 20 only a minor source of Na, Ne, and Ne and therefore the 
22 23 r2 2 
Na/ Na ratio and à* are unaffected by changes in the 

gas 

rate of aluminum condensation. The same simple result is not 

26 27 
the case for the Al/ Al ratio. The two main sources of gas 
26A1 are the reactions 2^Mg (p,n) 2^A1 and 2^Al(p,d)26A1. The 

relative contributions of each reaction can be determined 

from the product of the target abundance and reaction rate. 

Initially, P21^M^o 81 4P28^7A^O (sukscriPts on production 

rates refer to reaction number in Table III-l). If all of the 

aluminum condensed out of the gas very quickly at the 

2 6 
beginning, the total production of Al would be reduced by 

only one-fourth. Thus when > R^, the magnesium conden- 

sation rate is the controlling factor in the amount of °A1 

formed. Alternatively, as increases, the contribution of 

26 27 the (p,d) reaction increases and the Al/ Algas ratio 

becomes more dependent on the rate of aluminum condensation. 

The reaction Al(p,*) Mg is the primary source of Mg 

aside from the initial concentration. The other source is 
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25 24 
Mg(p,d) Mg which is probably balanced by the reaction 

24 23 23 Mg(p,d) Mg -> Na which has not been included here. This 

24 means that if aluminum condenses rapidly, very little Mg 

will be produced from ^A1 while the reaction ^^Mg (p,<x) ^^Na 

continues unaffected by the rate of aluminum condensation. 

24 Thus Mg is depleted by a combination of nuclear reactions 

and rapid aluminum condensation, leading to positive values 

of and . 

As stated in Chapter IV-1, the rate of silicon conden- 

22 23 sation has a negligible effect on either the Na/ Nagas 
or 

26 2 7 Al/ Al „ ratios. This is due to the fact that reactions gas 
22 26 

on silicon that produce Na and Al have relatively small 

production rates and therefore contribute little to the total 

production. The silicon condensation rate does influence the 

25 25 abundance of Mg. The initial contribution of Mg from the 

28 25 25 reaction Si(p,*) Al—> Mg is slightly greater than twice 
oc 0Ç\ 26 

the amount of Mg produced by Mg(p,d) Mg. This is a 

28 25 result of the high SiQ abundance. The sum of Mg generated 

by these reactions is greater than the total destruction of 
JK 2^ 2A 2e» 22 
Mg caused by the reactions Mg(p,d)^ Mg and Mg(p,«) Na 

so ^Mg increases in the gas and is positive as a result. 

If the rate of silicon condensation is very fast then the 

25 
destructive reactions will dominate and Mg will be depleted 

r25 in the gas yielding negative d values. In fact, whenever 

Rgi > Rjjg the initial production of Mg will at some time 

be overtaken by the destructive reactions as the number of 

silicon targets is decreased by condensation. 
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Increasing the rate of magnesium condensation causes a 

22 23 
very slight decrease in the Na/ Nagas ratio early in the 

22 irradiation due to the contribution to Na from the reaction 

Mg(p,xj zNa. The °Al/^/Al s ratio is much more sensitive 

to the rate of magnesium condensation. The largest contri- 

2 6 butions to the abundance of °A1 come from the reactions 

^Mg(p,n)^®Al and ^Al (p,d) ^Al. When > R^ the 

2 V 26 Al(p,d) Al reaction becomes less important and the rate 

of magnesium condensation is the determining factor in the 

26 
buildup of Al. Under these conditions, increasing R^ 

while keeping everything else constant depletes the gas of 

2 6 
Mg target atoms necessitating a longer irradiation time or 

increased proton flux to reach a given value of the ratio 

2W27*lgas. 
2 6 

No reactions capable of directly producing Mg were 

26 examined here. The only additive contributions to Mg come 

26 26 26 
from the decay of Al produced in the reactions Mg(p,n) Al, 

^Si(p,°<) ^Al, and ^Al(p,d)^®Al. Since the mean lifetime 

26 6 26 
of Al is approximately 10 years, Al production does not 

2 6 yield an immediate increase in the amount of Mg present. 

Instead, if the rate of aluminum condensation is large, the 

26 26 Al may be removed from the gas before decaying to Mg. On 

2 6 the other hand, Mg is efficiently destroyed by the reactions 

^Mg(p,n) ^Al, ^Mg(p,d) ^Mg, and ^Mg(p, «) ^Na. As shown 

above, rapid magnesium Condensation implies the need for a 

2 6 larger proton fluence to generate enough Al to end up with 

26 27 
the same Al/ Al ratio. But a larger fluence means more gas 
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A/» 

°Mg destruction and thus increasingly negative values of tF . 

Since none of the reactions investigated here are capable 

of producing magnesium or aluminum from sodium, the aluminum 

ratio and magnesium delta values are independent of the rate 

of sodium condensation. The main effect of allowing sodium 

22 to condense is to reduce the amount of Na produced via the 

22 reaction Na(p,x) Na. Thus as the rate of sodium condensation 

increases the flux of protons must be increased in order to 

22 23 maintain a given Na/ Na __ ratio. Increasing the duration 
CfclS 

of the irradiation does not compensate for the reduced pro- 

22 duction of Na due to sodium condensation because the short 

22 lifetime of Na does not allow it to accumulate in the gas. 

The element neon does not condense and thus avoids sub¬ 

stantial depletion in the gas. As a result, as long as the 

22 irradiation continues, Na can be formed in the gas by the 

22 22 reaction Ne(p,n) Na. Combined with the effect of sodium 

22 condensation, this constant supply of Na leads to a fairly 
oo 23 23 

stable Na/ Na ratio after all of the initial Na has 
CfcLS 

been removed by condensation. The continual production of 

22 
Na also contributes to a constant, though slow, increase 

22 23 22 in Na/ Na
soiid 

as new Na in t*10 9as condenses. 

As mentioned above, the second effect of condensation 

is the reduction of reference species. Of course, since the 

process of condensation was assumed here to occur at a rate 

that is unique for each element, variation of the rates of 

condensation alone cannot change isotopic ratios such as 

26Al/27Algas and 
22Na/23Nagas. It is the combination of 
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condensation and nuclear reactions that is important. 

Changing the rate of silicon condensation is not considered 

here because no silicon isotopes are used as comparison 

nuclides. 

As shown in Figure IV-6, increasing the rate of aluminum 

condensation shortens the time needed to reach a given 

26 27 Al/ Al g ratio. Although large values of mean that 

less °Al is produced from 'Al, as long as there is °Mg or 

2 9 26 Si left in the gas Al can be made. Fast condensation of 

27 aluminum means that Al is drained out of the gas very 

2 6 quickly. Thus the newly-formed Al becomes a large contri- 

76 77 
bution to the total aluminum present, and the Al/ Al g 

ratio grows. If one examines the aluminum ratio in the total 

solid, however, one finds that the time needed to reach a 

desired °A1/ Al ratio is much longer than that in the gas. 

Increasing R^ shortens the time only very slightly. The 

most effective way to shorten the time scale for the accumu¬ 

lated solid is to increase the proton flux which increases 

2 6 
the amount of Al produced. 

With regard to reference nuclides, magnesium condensation 

produces effects similar to aluminum condensation. The 
<%/• 

curious behavior of <P shown in Figure IV-21 can be under¬ 

stood as follows. Magnesium-26 can appear in the gas by 

2 6 
radioactive decay of Al produced in reactions on magnesium, 

silicon, and aluminum, but it is initially destroyed at a 

faster rate by the reactions ^Mg (p,<x) ^Na and ^Mg(p,d)^Mg. 

Magnesium-24 is produced only by reactions on magnesium and 
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and aluminum. If aluminum condenses fairly rapidly, then the 

/•26 24 é value is determined by R^. Since Mg is formed immedi¬ 

ately while ^Mg is contributed only after ^6A1 decays, 

2 g 
initially the value of d decreases in the gas and is neg- 

24 
ative. As R^ is increased even more, the bulk of Mg, the 

reference nuclide, is quickly removed from the gas. It does 

not drop to zero because of production reactions on any 

remaining silicon and aluminum. The Mg has been held in 

2 6 
the form of Al in the gas. As decay occurs, the concentra¬ 

tion of ^Mg increases which results in an increase in . 
2 g 

The larger R^, the earlier the a value begins to increase 

and consequently the larger the value of 6 can become. If 

24 
the aluminum condensation rate is small, then Mg can be 

generated in sufficient quantities to balance the addition of 

°Mg in the gas and 6r remains negative. With low Ra1, 

2 6 
increasing R^ makes o even more negative because Z4Mg can 

27 24 
be formed from Al(p,<x) Mg. This reaction is the primary 

24 . 24 
source of Mg and is capable of producing more Mg than the 

26 
amount of Mg which can be made. Large R^ gets rid of the 

initial concentrations early and makes the effects of nuclear 

reactions more evident in the isotopic ratios. 

Varying the rate of sodium condensation changes the 

23 
amount of Na left in the gas, similar to the effect on the 

26 27 
Al/ Al ratio produced by changes in R_.. Increasing 

Cf clS AX 
22 23 23 

Rjja accelerates the growth of Na/ Naga5 by removing Na 

faster and thus makes it possible to achieve desired sodium 

ratios in the gas earlier in time. In addition, increasing 

'Al' 
24. 
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22 23 
Rjja also accelerates the growth of Na/ Na

soü^ since quick 

22 
removal of sodium from the gas means that newly-formed Na 

has a better chance of condensing into the solid before 

decay. Comparing the timescale for the solid and the gas, 

corresponding sodium condensation rates produce a given 

22 23 Na/ Na ratio in the gas much earlier than in the solid. 

23 This is expected since the removal of large amounts of Na 

22 23 that increase the Na/ Nagas ratio far outweigh the extra 

22. Na that condenses into the solid as 
^Na 1 increases. 

V-3. Spectral Index 

Referring to Figures lv-2 through IV-4 and IV-6, it is 

obvious that as the value of the spectral index, îf, increases, 

the time needed to obtain desired results also increases. As 

time progresses, material condenses out of the gas leaving 

less available for nuclear reactions. In addition, because 

of the decrease in production rates with increasing spectral 

index, the smallest value of <f, 2.5, is favored over = 3.5 

and IT = 4.5. However, if one considers energy requirements, 

the opposite is true. Integrating the flux of particles in 

the standard spectra times the energy per particle over the 

energy range of 1 MeV to 
00
 one finds that for 't — 2.5 the 

energy flux is 3.2 x 10^® erg-cm ^-y ^ while for = 3.5 the 

energy flux is 1.07 x 10^ erg-cm ^-y~^ and for t = 4.5 the 
9 -2 -1 

energy flux has decreased to 6.4 x 10 erg-cm -y . From 

Figures IV-2 to IV-4, the characteristic times needed to 

obtain conditions for both anomalies are "6 x 10^ y, 
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6 6 
~1.4 x 10 y, and '«2.1 x 10 y, respectively. These times 

16 -9 16 -2 
yield fluxes of 1.9 x 10 erg-cm , 1.5 x 10 erg-cm , and 

16 “2 ^ 
1.3 x 10 erg-cm for « = 2.5, 3.5, and 4.5, respectively. 

The increase in time required by larger spectral indices is 

more than compensated by a decrease in the energy required 

per unit time. The energy requirements become even smaller 

if a low energy cutoff of 5 MeV exists. When the lowest 

energy protons have energies of 5 MeV, the energy fluxes for 

the standard proton spectra are 1.43 x 10^° erg-cm-2-y-"*" for 

t = 2.5, 9.6 x 10® erg-cm-2-y-^ for £ = 3.5, and for £ — 4.5 

8 —2 “1 the energy flux is 1.15 x 10 erg-cm -y . The irradiation 

times needed to reach the desired gas phase ratio are the 

same for energy cutoffs ranging from 1 MeV to 5 MeV. The 

energies required per unit area for proton energies greater 

15 —2 15 —2 
than 5 MeV are thus 8.58 x 10 erg-cm , 1.34 x 10 erg-cm , 

i yi o 
and 2.42 x 10A erg-cm for £ = 2.5, 3.5, and 4.5, respec¬ 

tively. A substantial reduction in energy can be obtained by 

using a large spectral index which characterizes a proton 

spectrum with an energy cutoff at 5 MeV. 

V-4. Primitive Magnesium 

Two mechanisms have been postulated to explain excess 

26 
Mg in addition to the proton irradiation scheme presented 

2 6 
here. The main point of contention is whether the Al that 

26 
would become excess Mg was live in the solar system, or 

whether grains of dust carried in material containing fossil 

26 
Al which then mixed with the solar system material. Lee, 

Papanastassiou, and Wasserburg (1977) examined this problem 
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2 6 
and decided in favor of the existence of live Al in the 

early solar system. Their conclusions were based on the fact 

that inclusions of Allende containing anomalous magnesium 

contain no other detectable isotope effects that may be 

associated with grains. Also, there is evidence that the 

inclusions have been melted and recrystallized, a process 

that would destroy effects produced by component grains. 

2 6 
Lee ejt al.. (1977) suggest that the presence of Al in the 

inclusions is due to the mixing of two reservoirs of material, 

one consisting of the bulk of solar system material and the 

2 G 
other "contaminating" reservoir contributing live Al and 

very little magnesium. 

26 
The evolution of a gas containing live Al can be exam¬ 

ined by using the gas phase equations developed for the irra¬ 

diation of a condensing gas and setting all of the nuclear 

reaction production rates equal to zero. The only other 

2 G 
modification that is necessary is that the amount of Al 

2 6 
present at the beginning is no longer zero. Since the Al 

can both decay and condense, the equation for its abundance 

at time t is 

26 
’Alt = 

26A10 e
_(R*l + A*fc)t 

26. y h 
The equation for the amount of Mg in the gas is also 

considerably simplified 

26 
Mg. = 2 Vo ♦ * 

26 26 
’Al 

o (1 - e~(RAl + 

RA1 + A 
26 

e“R«at 

26 26 
The abundances of Al and Mg at the beginning (t=0) are 
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26 26 26 calculated by assuming that Alt=0 + 
M?t=0 = Mgt=today* 

Initial 2**A1/27A1 ratios of 10 10 2, and 10 ^ were exam- 

2 7 24 
ined, while assuming Al/ Mg ~ 0.1 (Urey, 1972) . According 

to the data of Lee et al. (1977) the system must evolve to 

26A1/27A1 _ _ 5.8 x 10~5 „ _Q . 

cr x 10 J 0.6 x 10 J 

at the time of the final formation of the inclusions to 

account for the anomaly, in order to simplify the notation 

the symbol àr will be used to represent <fz x 10- and 

therefore 

-26 (2SMg/24Mg)meas 

<26Mg/24Mg)norm 

26 24 where Mg/ Mg is the isotopic ratio of terrestrial mag¬ 

nesium as before. 

26 
Condensation need not begin at the time that live Al 

26 
is introduced into the system. If the AlQ i-s contributed 

to the solar system by a separate reservoir then a mixing 

time would be required before condensation began in order to 

homogenize the reservoir with solar system material. The 

26A1/27A1 and 2^A1/27A1 -. . ratios decrease with time gas solid 
2 6 according to the decay rate of Al and are independent of 

2 6 
the rate of aluminum condensation. The value of d will 

76 76 
increase as the decay of Al adds to the amount of Mg 

26 
present. When condensation begins d will continue to 

increase, but at a much slower rate, and as time progresses 

it will asymptotically approach a constant value. The 

26 problem is that Al continues to decay in the gas no matter 
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what else occurs. If the time interval between introduction 

0 6 
of the Al reservoir to the solar system and the onset of 

2 6 condensation is too long, then very little Al will be left 

in the gas to form minerals. 

Figure V-l shows the situation in the gas phase. At 

2 6 
t=0 the Al-rich, magnesium-poor reservoir is introduced. 

The ^8A1/^A1 „ ratio in the reservoir is 10-8 and thus d^8 gas 

is also approximately -10 -3 The system evolves for a time 

t', taken here to be 0.5 x 10° years. At this time conden¬ 

sation begins with R^^lORj^ . There is no change in the 

26 2*7 26 curve representing Al/ Al s but note that d assumes 

—3 6 
the value «»-0.4 x 10 from 1 x 10 years on. If conden- 

26 
sation had never begun the curve of d would be that shown 

26 2 *7 by the dashed line, a mirror image of the Al/ Al curve. 
Cf a.S 

26 
If condensation starts at t=0, then d is represented by 

the curve drawn with dashes and dots. The vertical arrows 

mark the time at which (^Al/^Al)gas/d^ = -0.1, typical of 

6 
the Allende inclusion. This ratio is attained 3.5 x 10 years 

26 6 
after Al is introduced and 3 x 10 years after condensation 

g 
begins. If condensation begins at t=0, then ~3 x 10 years 

must elapse before the separation of the inclusion. In 

either case, by the time conditions are right, only ~4% of 

the aluminum is left in the gas. 

26 
Increasing the aluminum condensation rate from 10/ to 

100A^8 decreases the time needed to reach (^8A1/^A1) /d^8 
CfcLS g 

equal to -0.1 to approximately 2 x 10 years after conden¬ 

sation begins. With R^-^IOOA^8, an amount equal to e-^88 

times the original amount of aluminum is left in the gas and 
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thus there is no advantage in faster aluminum condensation 

26 27 
rates. An increase in the initial Al/ Al „ ratio from gas 

—3 ~2 10 to 10 and even 0.1 has only a very small effect on 

decreasing the time needed for the system to evolve to con- 

27 24 
ditions for the observed anomaly. If the Al/ Mg ratio 

2 6 
is increased from "0.1 to 1.0 then the values of d are 

an order of magnitude larger than those shown in Figure v-1. 

Consequently the (^Al/^Al) /d^ ratio of -0.1 can be 
CfcLS 

reached after "1.0 x 10 years from t=0 or only 0.5 x 10 

years after the start of condensation when "63% of the 

aluminum remains in the gas phase. 

In order for the Al/ Mg ratio to be an order of 

magnitude larger than that presently seen in the solar system, 

the contaminating reservoir would have had to contain no 

magnesium and be so aluminum rich that it would dominate 

the local nebular value. The other possible explanation is 

that the nebula was not completely homogeneous and that the 

Allende inclusion formed in a particularly poorly mixed 

region in which the concentration of aluminum was much 

greater than that of magnesium. If the mixing of the matter 

was this poor, one would expect to see other isotopic or 

elemental effects associated with the excess magnesium. No 

direct correlation has yet been found between anomalies 

in magnesium and oxygen (R. Clayton et al.. 1977). In fact, 

reservoir mixing models are effective at producing anomalous 

oxygen when the mixing is 95% complete (Lee et al.. 1977). 

Most recently, Wasserburg (1977) quotes results of 
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O ^ 
analysis of a sample with a Z -3%o. This lowers the 

desired (26Al/27Al) /d26 ratio to -0.02 which is not reached gas 

until "4.5 x 10 years after condensation begins* Large neg- 

ative delta values such as this make the mixing of two reser¬ 

voirs an even more implausible explanation. 

One can also examine the isotopic ratios in the con¬ 

densing solid. If the material underwent melting, the 

(26Al/27Al)/d26 ratio in the solid at the time of recrystal¬ 

lization must equal -0.1 in order to produce the character¬ 

istics of the Allende inclusion. As one would expect, the 

ratio of Al/ Al in the solid decreases with time as the 

2^Algas decays before condensing and 
2^Al in the solid decays. 

The value of is meaningless before condensation begins 

since there is neither magnesium nor anything else in the 

2 6 27 
solid. Figure V-2 shows both the Al/ Al ratio and the 

2 6 
value of d in the total solid as a function of time, 

assuming condensation began at t=0 years. The shape of the 

26 27 
Al/ curve is the same as that in the gas, only 

slightly smaller in magnitude due to decay in the gas before 

26 2 6 
condensing. The curve for also includes A-*-s0lid 

decay. It can be seen from the graph that early in the 

26 26 
condensation is large and negative, but 

increases very rapidly only to become almost constant after 
g 

1 x 10 years. The two vertical arrows again point out the 

time at which (26Al/27Al)solid/d
2^lid 

= “°*1» 3 x 106 years 

after condensation begins. This ratio refers to the composite 

solid, however, and not to the material that is condensing at 
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that time. If a part of this material were melted and 

2 6 
recrystallized before significant Al decay and without 

further contamination from the gas, it would have the 

characteristics of the Allende inclusion. The problem with 

this approach is that the material that melts has sampled 

many different phases of condensation during three million 

years and presumably would not have the characteristics of 

a high temperature condensate. 

The problem of the type of condensate can be solved by 

examining material that condensed very early in the process. 

Calculations show that material that accumulated in the 

solid for only the first 500 years has a (^Al/^Al)/d^ 

ratio which is -1.38. At this time only 5 atoms in 10,000 

have condensed into the solid. If this small amount of 

material was melted and did not continue to accumulate 

fresh condensate from the gas, and if the material remained 

molten for three million years before recrystallization 

occurred, then the new minerals formed would be characterized 

by a (^^Al/^Al)/d^ ratio of '‘'-O.l. with the original 

material condensing in 500 years it is difficult to under- 

stand why recrystallization would not occur until 3 x 10 

years later. In addition, it is not clear how to shield 

the molten material from the addition of condensate from 
c: 

the gas for this 3 x 10 year period. 

V-5. Neutrons 

Irradiation of the solar nebula by protons will have as 
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a side effect the production of secondary neutrons. Two 

157 155 isotopes of the element gadolinium, Gd and Gd, have 

large thermal neutron capture cross sections, 2.54 x 10 barns 

and 6.06 x 104 bams, respectively (Moller et al.. 1960). 

These two isotopes are used as indicators of the thermal 

neutron exposure of the samples of material in which they are 

found. Measurements of the isotopic composition of gadolinium 

in several meteorite samples have determined an upper limit 

of 3 x 10 neutrons-cm for the thermal neutron irradiation 

experienced by these meteorites (Eugster et al.. 1970). 

This provides a constraint for the proton irradiation scheme. 

If the proton flux required to produce the meteoritic 

anomalies generates a thermal neutron flux larger than the 

upper limit found by Eugster et al., then the proton irra¬ 

diation hypothesis is not a satisfactory mechanism to explain 

meteoritic anomalies. 

Helium accounts for ^30% by weight of the material in 

the solar nebula. As a result, proton reactions on helium 

are the most important reactions responsible for the gener¬ 

ation of neutrons. The two main processes are 4He(p,pn)^He 

with three particles resulting from the reaction ("stripping 

neutrons") and 4He (p, more than three particles in the final 

stage) in which the neutrons produced are called "break-up" 

neutrons (Audouze, 1970). In order to calculate the number 

of neutrons produced by these reactions the cross sections 

must be known, or fairly well estimated. Colgate et al. 

(1976) list a table of cross sections for neutron production 
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. . 4 
by spallation reactions between protons and He. The 

4 combined excitation function for all proton reactions on He 

which yield a neutron is shown in Figure V-3. Although the 

cross section never becomes larger than ~65 mb, it extends 

over a very wide range of energies, as demonstrated by the 

fact that even at 500 MeV tf" ~ 45 mb. 

The neutrons produced in these reactions are not 

thermal neutrons initially, but they are slowed down in the 

gas by elastic scattering, mainly off hydrogen nuclei. The 

two fates awaiting each neutron produced are beta decay 

(f » 1000 sec) and thermalization. Audouze (1970) states 

that if the medium in which the neutrons are produced and 

11 -3 
travel is "dilute", n„ < 3 x 10 particles-cm , then most 

n. 

neutrons will decay before being thermalized; if the medium 

11 -3 is "dense", nTT > 3 x 10 particles-cm , then the neutrons 

will be thermalized before decay. 

Most models of the solar nebula include a radial 

temperature gradient in the plane of the nebula (Cameron and 

Pine, 1973; Schatzmann, 1967) but do not consider temperature 

variations at different heights above the midplane. If the 

main temperature variation is due to radial distance from 

the sun, then one might assume that the temperature is 

roughly constant in a vertical section of the material. 

This assumption allows the calculation of a scale height 

for the nebula given by 

H = [2 R3 k TI* H [_ G M m J 
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where H s scale height 

R = radial distance from center (sun) 

k = Boltzmann's constant 

T = temperature (in °K) 

G = gravitational constant 

M = mass of material (sun + nebula) inside R 

m = mean mass of nebular gas 
3 

The temperature was chosen to be 10 °K at a distance of 

1 AU from the center as is consistent with nebular models 

(Cameron and Pine, 1973; Schatzmann, 1967). This yields a 

12 scale height of ~2 x 10 cm or «0.1 AU. By assuming a 

5 —2 surface density of 10 g-cm at 1 AU, which is also consis¬ 

tent with nebular models, one can calculate the density of 

16 —3 gas at the midplane of the nebula to be '«10 particles-cm . 

This combination of density and scale height result in the 

Audouze criterion of a "dense" medium being satisfied up to 

a point 3.3 scale heights above the midplane. 

A rigorous calculation of the thermal neutron flux in 

the solar nebula would involve a more detailed analysis than 

is warranted by the proton irradiation model. A rough 

estimate of the thermal neutron flux can be obtained by 

examining the number of neutrons that are slowed to thermal 

energies in a volume of one cubic centimeter of gas at 

various depths in the solar nebula. Several competing 

factors influence the result. First, the protons assumed to 

be incident on the solar nebula penetrate to different depths 

_2 
depending on their energy. In hydrogen, the range (mg-cm ) 
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of a proton of energy E can be represented by the equation 
P 

Rp = 0.8 Ep 
1.81 (Janni, 1966) 

Using this relation one can obtain an expression for the 

_2 
differential flux of protons of energy E at depth L (g-cm ) 

assuming the energy dependence as above, dF/dE = k E and 

find 

= k E 0,81 (8 x 10-4 Et
1,81 + T.W.W dE 

.16 

+ L) 

where k = 10 . The density of the gas in the nebula 

decreases exponentially with distance from the midplane, 

reducing the number of target atoms that can produce neutrons, 

but increasing the range of both protons and neutrons. 

Finally, the kinetic energy of the neutron produced from the 

nuclear reaction as well as the density of the material 

determines how far the neutron can penetrate before being 

thermalized. The initial neutron energy can be approximated 

from the energy of the proton that induced the reaction and 

the type of reaction that occurred. At energies near 

4 3 threshold the reaction He(p,pn) He dominates and, as 

represented by Audouze (1970), the mean energy of the neutron 

produced, En, is given by 

n ~ 
EP ~ Eth 

where E^ is the threshold of the reaction, 27 MeV. At 

higher energies more than three particles are produced by 

the proton bombardment and the expression 

E_ - E. E_ W ~p n 
Jth 

5 
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is more appropriate. The threshold energy for a "break-up" 

reaction is estimated to be 80 MeV in this case. 

Putting all of these relationships into one equation 

and simplifying gives 

M = c E 0.81 
dx p 

/ o •» A*’4 1 • 81 T <v-1.83 \ / \ -x (8 x 10 E + L) (T(E ) n(x) e 
J? hr 

for $ = 2.5 where 

= the number of neutrons thermalized in a volume of dx ^ 
1 am at a depth d in the nebula per unit depth 

per year 

C = a constant 

E = proton energy 
P 

L = depth at which the neutron-producing reaction occurs 

(in g-cm~^) 

<T(Ep) = cross section for reaction with a proton of energy 

n(x) = density of the nebula at the point where the 

nuclear reaction occurs 

x = distance from the midplane, in scale heights, at 

which the reaction occurs 

By choosing a depth, d, and integrating dN/dx from d to a 

point at which a negligibly small number of neutrons can be 

produced and survive decay to be thermalized at depth d, the 
3 

number of neutrons per cm per year thermalized at d can be 

calculated. The results are shown in Figure V-4. The dashed 

curve marked with x's corresponds to neutrons which are 

formed by protons impinging on the nebula and thermalized at 

a depth d given by the abscissa. The other dashed curve 

shows the number of thermalized neutrons which were originally 



Figure V-4 is a plot of the number of neutrons thermal- 

ized per year in a volume element of one cubic centimeter 

vs. the depth of the volume element in the nebula. The 

upper scale on the abscissa is the distance in scale heights 

measured from the midplane of the nebula and the lower 
4 -2 

scale is the equivalent depth in units of 10 g-cm 

The solid curve labeled "total" cannot be distinguished 

from the dashed curve labeled "positive depths" beyond 

a depth of approximately 0.75 scale heights and thus only 

the total curve is shown for depths greater than 0.75 scale 

heights. 
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Figure V-4 

distance from midplane 
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formed on the other side of the midplane by the proton bom¬ 

bardment. Since protons irradiate both sides of the nebula, 

these two contributions add and produce the solid curve 

labeled "total". The maximum number of thermal neutrons in 

one cubic centimeter produced in one year by the proton bom- 
5 

bardment is thus approximately 3.5 x 10 . An irradiation 

7 
time of 10 years is beyond the limit of most of the calcu- 

22 -2 lations made here and corresponds to 6.7 x 10 protons-cm 

with energies greater than 1 MeV. If the proton irradiation 
7 

lasted 10 years and the number of thermal neutrons produced 
3 

in 1 cm can be taken as an estimate of the thermal neutron 

12 —3 
flux, then the maximum of ^4 x 10 neutrons-cm is well 

below the maximum that is established by the gadolinium data. 

Many simplifying assumptions were employed to make this 

calculation tractable. The bombarding protons were assumed 

to be normally incident on the solar nebula and all of the 

neutrons produced were assumed to propagate toward increasing 

depths, maximizing the number at a given depth. Neutrons 

are produced by reactions on targets other than helium, such 
o o 29 ofi 26 

as Ne(p,n) Na and Mg(p,n) Al. These targets are three 

to four orders of magnitude less abundant than helium and the 

reactions have excitation functions peaked toward protons of 

low energy and hence short range. For these reasons reactions 

on targets other than helium constitute only a very small 

addition to the neutrons produced on helium and are ignored 

here. Fast neutrons generated can themselves induce nuclear 

27 26 
reactions such as Al(n,2n) Al. These reactions will not 
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deplete the thermal neutron flux or make significant contri¬ 

butions to isotopic effects since protons of energies greater 

than 100 MeV are required to produce neutrons with sufficient 

energy to induce reactions and the proton flux assumed here 

is deficient in high energy protons. 

Several sources of error exist in this calculation. One 

is the uncertainties in the cross sections quoted by Colgate 

et al. (1976) which they do not mention in the paper. The 

assumption of constant temperature through a vertical section 

of the nebula as well as a radial temperature dependence fix 

the scale height which will change with variations in the 

temperature model. The range relations for protons and neu¬ 

trons have errors associated with them. In addition, since 

grains are assumed to be condensing, it is not quite correct 

to treat the nebula as a simple gas. Finally, the estimate 

of the energy of a neutron produced by an energetic proton 

contains uncertainties as to the proton energy at which the 

break-up process begins to dominate and the proportion of the 

initial kinetic energy carried off by the neutron, considering 

all of these things, it is not possible to state that the 

thermal neutron flux produced by the proton bombardment of the 

solar nebula proposed here was definitely of the order of 

12 -2 10 neutrons-cm . However, considering even the worst cases 

of the errors involved, the thermal neutron flux probably 

would not produce effects currently detectable in isotopic 

studies of gadolinium. 
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V-6. Conclusions 

Optimum conditions for the irradiation and condensation 

of the solar nebula depend upon the desired results. Maximum 

savings in energy are obtained by high spectral indices and 

a low energy cutoff of 5 MeV. Savings in time, and hence 

total energy can be achieved by fast rates of aluminum and 

sodium condensation, as long as the rates are not so fast 

that all of the gas disappears before anything interesting 

happens. The production of Neon-E via Na at the level 

presently observed can be made to occur at the same time and 

with the same condensation and irradiation parameters as is 

appropriate to the magnesium-aluminum scheme. Until experi¬ 

ments are able to establish whether or not Neon-E in carbona¬ 

ceous chondrites is associated with sodium content this model 

appears to be a plausible explanation for its existence. 

The comparative wealth of data on the magnesium anomaly 

provides more anchors for speculation. The Al/ Al ratio 

that is obtained by extrapolation of the meteorite data can 

be achieved in the gas phase of the nebula at a time when a 

sufficient amount of material has not yet condensed. Calcu¬ 

lations show that negative values of the quantity which 

have been observed in meteoritic inclusions, can be produced 

by low spectral indices of the differential proton flux. 

The irradiation model contains several uncertainties. 

The cross sections of the reactions constitute one source of 

error. Another source is the simplifying assumption that 

condensation can be represented by an exponential relation 
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similar to radioactive decay. The rates of condensation of 

elements were assumed to be constant. Although this assumption 

yields the same sequence of condensates as predicted by 

condensation models, time-dependent condensation rates might 

better approximate the actual cooling process in a gas. The 

details of this time dependence cannot be determined from 

current models. Even the relative abundances of the elements 

used may be in error if the nebula was not homogeneously mixed 

and local concentrations of various species existed where 

different objects formed. 

It is important to note that the calculations of an 

irradiated, condensing solar nebula made here are appropriate 
_o 

for a depth of 0 mg-cm only, and no corrections for particle 

attenuation have been made. In order for the irradiation 

to be effective over a large volume of nebular gas some sort 

of vertical mixing is required. This may have been accom¬ 

plished by the "settling" of condensed grains of material 

that formed in the outer, more heavily irradiated regions 

of the nebula down toward the midplane, exposing new gas to 

the irradiation. There are no current models of the solar 

nebula detailed enough to judge whether or not this is an 

acceptable hypothesis. 

The existence of a source of protons has been tacitly 

assumed throughout. One possibility is that the T-Tauri 

phase of the early sun may have provided a sufficient flux 

of energetic protons. Kuhi (1964) has estimated the flux of 

high-energy protons that would be required to maintain ion- 
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ization in the observed emitting volume surrounding T-Tauri 

14 —2 ““1 
stars and finds that a flux of 5 x 10 particles-cm -sec 

would account for observations. In support of this idea, 

Gahm et. al.. (1975) report the observation of a circumstellar 

dust cloud around the T-Tauri star RU Lupi. The dust cloud 

appears to be composed of concentrations of dust in orbital 

motion which Gahm et. al. suggest could be proto-planets or 

simply local density fluctuations. Another possibility has 

been suggested by Freeman (1976). He has speculated that a 

region of energetic protons similar to the terrestrial 

Van Allen belts may have been associated with the quasi-dipolar 

field of the pre-main sequence sun. 

The attractive feature of the irradiation model presented 

here is that negative anomalies in magnesium can result from 

low spectral indices and appropriate condensation rates. 

Models of the mixing of two or more types of material pro¬ 

posed so far cannot produce the negative anomalies. Although 

the irradiation model presented here produces favorable 

results, it is not clear that a proton irradiation of the 

solar nebula, if it occurred, was the only perturbation im¬ 

posed on the system. Puzzling isotopic effects in other 

elements such as oxygen and xenon do not fit into the irra¬ 

diation picture. Perhaps the actual events include the mixing 

of grains as well as other reservoirs of material in the 

nebula along with an irradiation of the nebula. No hypothesis 

can be completely ignored at this stage. 
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APPENDIX A 

Cross Section Values Used in Production Rate Calculations 

all energies in MeV, all ff in mb, 1 mb = 
-27 

10 
2 

cm 

Na(p,x) 
22 
Na 

22 
Mg(p,x) Na 

22 
Al(p,x) Na Si (p 

. 22 
,x) Na 

E E S E (T E 6 

11 0 5 0 25 0 16 0 

15 80 6 0.8 27 0.03 18 0.002 

20 154 8 4.8 28 0.08 20 0.005 

25 154 10 7.7 29 0.2 22 0.02 

30 147 12 9.7 30 0.7 24 0.04 

35 133 14 11.2 31 1.7 26 0.1 

40 119 18 7.4 32 3.6 28 0.2 

45 109 19 6.4 33 6.9 31 0.4 

50 99 20 5.2 34 11.3 32 0.4 

60 85 22 6.6 35 16.8 37 0.5 

70 76 24 8.4 36 21.4 38 0.5 

80 70 28 17 38 30.8 39 0.6 

90 65 30 23 40 38.0 40 0.9 

100 61 34 44.2 45 43.0 43 1.5 

40 72.4 50 38.4 45 2.3 

45 76.7 60 28.0 49 6.0 

50 73 100 20.3 56 20 

75 56.5 60 22 

100 41.5 100 14.5 



143 

Mg (p ,x)20Ne Al(p . 20.. ,x) Ne Si (p 

<D 
a
 

o
 

C
M
 

Mg (p »,x) 
21 
Ne 

E a E a E a E a E a 

10 0 9 0 20 0 8 0 26 26.2 

12 3 11 0.9 29 0.4 10 1 28 23.6 

13 9 12 1.4 30 0.6 12 33.5 30 21.8 

14 25 15 6.2 31 1.0 13 42 32 21.6 

15 53 16 12.6 32 2.1 14 46 34 22.4 

18 158 18 27 33 5.3 15 47.5 36 24 

20 208 20 38 34 11.5 16 48.5 38 26.2 

21 217 21 41.6 35 15.5 17 47.5 40 28.8 

23 222 22 42 37 21.5 18 46 42 32 

24 220 23 41 41 31.5 22 34.2 45 38 

25 215 25 38 45 44 24 29.6 50 38 

33 143 28 30.8 50 43.2 

36 122 31 23.3 60 40.3 

40 98 33 19 

43 83 37 12.2 

45 76 39 10.0 

50 75.5 41 8.6 

60 74.2 42 8.4 

45 8.4 

50 9.7 
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23 
Na (p,«) 

20 
Ne 

24 , 
Mg (p, *)21Na 

26Mg(p, x 23 o<) Na 
22 22 

Ne(p,n) Na 

E <T E <T E <T E <r 

0 0 8 0 3 0 4 0 

1 14 9 0.3 4 1.5 5 40.3 

2 88 10 3.2 5 30 6 68 

3 170 11 15.9 6 95 7 86.8 

4 230 12 35.6 7 100 8 95.9 

5 230 13 48.3 8 101 9 102.9 

6 230 14 54.6 9 102 10 106.5 

7 230 15 57.8 10 103 11 105.6 

8 230 16 61 11 104 15 77 

9 230 17 63.5 12 103 20 41.2 

10 230 18 63.5 13 102 25 16.1 

11 170 19 61 14 101 30 8.5 

12 88 20 57.8 15 100 35 7.6 

13 14 21 54.6 16 95 40 6.7 

14 0 22 48.3 17 30 45 5.6 

23 35.6 18 1.5 50 4.7 

24 15.9 19 0 60 4.5 

25 3.2 70 4.5 

26 0.3 80 4.5 

27 0 90 4.5 

100 4.5 
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Ne (p, a) 17F 
21 , Ne (p, a) F 

22 ZZNe(p ,19„ fût) F 

E a E a E a 

5 0 3 0 3 0 
6 1 4 5 4 30 
7 41 5 35 5 130 
8 130 6 95 6 200 

10 160 7 130 7 220 
12 175 8 175 8 210 
14 225 9 190 9 195 
16 248 10 200 10 165 
18 245 11 200 11 140 
20 225 12 200 12 110 
22 198 13 190 13 85 
24 173 14 175 14 55 
26 149 15 130 15 27 
28 125 16 95 16 0 
30 100 17 35 
32 72 18 5 
34 50 19 0 
36 30 

Mg (p ,26a1 ,n) Al 
25„ , Mg (p 

24.. 
,d) Mg 

26 f ,q\25 Mg(p,d) M< 

E a E CT E a 

5 0 7 0 10 0 
6 40.3 8 35 11 35 
7 68 9 69 12 69 
8 86.8 10 95 13 95 
9 95.8 11 116 14 116 

10 102.9 12 132 15 132 
11 106.5 13 145 16 145 
12 105.6 14 156 17 156 
15 85 15 164 18 164 
20 47.4 16 166 19 166 
25 20.6 17 167 20 167 
30 9 18 167 21 167 
35 7.9 19 165 22 165 
40 7 20 162 23 162 
45 5.8 22 146 24 155 
50 4.9 25 113 25 146 
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Mg (p 
.22w ,a) Na 

27. ! , 
Al (p ,a) Mg 

28si(p 

<
 

in 
C
M
 a
 

E a E a E G 

5 0 0 0 10 0 
6 2 1 0.8 11 1.2 
7 13 2 12 12 12 
8 46 3 50 13 30 
9 86 4 120 14 50 

10 108 5 180 15 60 
11 117 6 190 16 65 
12 120 7 200 17 70 
13 117 8 200 19 70 
14 108 10 200 20 65 
15 86 12 200 21 60 
16 46 13 200 22 50 
17 13 14 190 23 30 
18 2 16 120 24 12 
19 0 18 12 25 1.2 

20 0 26 0 

Si (p, a) Al 
27
AICp ,co26 Al 

E a E a E a 

7 0 13 0 38 74 
8 0.6 14 35 40 70 
9 6.5 15 69 50 60 

10 21 16 95 60 55 
11 40 17 116 70 52 
12 60 18 132 100 47 
13 75 19 145 
14 85 20 156 
15 85 21 164 
16 75 22 166 
17 60 23 167 
18 40 25 165 
19 21 26 150 
20 6.5 28 130 
21 0.6 30 110 
22 0 32 95 

34 85 
36 78 
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APPENDIX B 

Abundance Equations for Elements in the Gas and Solid Phases 
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