
RICE UNIVERSITY 

pi 
Terrestrial Ne and the Accretion Time of the Earth 

Russell L. Palma 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 

THESIS DIRECTOR'S SIGNATURE: 

HOUSTON, TEXAS 

NOVEMBER 1977 



ABSTRACT 

21 
Terrestrial Ne and the Accretion Time of the Earth 

by 

Russell L. Palma 

The atmospheric composition of neon is considered along the 

lines of the multicomponent theory for that gas. It is found 

that an excess amount of ^Ne is indicated if the terrestrial values 

of the 2^Ne/22Ne and 2^Ne/22Ne ratios are taken to be the result of 

mixtures of the components Ne-E and Ne-B or Ne-E and Ne$w. This 

21 
excess ranges from 9-17% of the Ne presently in the earth's 

atmosphere. Production rates for 21Ne by galactic cosmic ray 

irradiation are calculated from consideration of meteorite and lunar 

21 
drill core data. The Ne excess indicated by the selected com¬ 

ponent mixing lines places constraints on the mass distribution of 

the earth's protoplanetary bodies and their accretion times. The 

formulation developed by Safronov and Wetherill for the formation 

interval of the earth yields a result in concordance with this 

possible 2^Ne excess. Solar cosmic rays and the influx of meteroids 

21 
are found to be of negligible importance in the production of Ne, 

as are all nuclear reactions in the earth after formation, except- 

18 oi 
ing 0(a ,n)21Ne. This last reaction contributes approximately 

21 
2.1% of all Ne over the lifetime of the earth. The possible con¬ 

tribution to terrestrial neon from the passage of the solar system 

through dense interstellar clouds is discussed, as is the retention 

of neon during the accretionary process. 
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I. INTRODUCTION 

While in space, meteorites are exposed to bombardment by 

the cosmic radiation, which consists primarily of protons. The 

interaction of these protons with the nuclei in the meteorite can 

produce stable nuclides. The same process is likely to occur for 

the planetesimals which accreted to form the earth. If a 

nuclide is examined that is strongly deficient in the earth 

relative to its cosmic abundance, then it could be possible to 

see the relatively small contribution of the spallation produced 

component. 

Here the neon composition of the earth's atmosphere will 

be investigated. Neon is an excellent candidate to fit the above 

requirements. The earth is known to contain very little of its 

cosmic complement of neon. Moreover, neon has three stable 

isotopes, which makes it ideally suited for examination of correla- 

21 
tions between the isotopes. One of these isotopes, Ne, represents 

only 0.257% of all neon, so any cosmic ray effects should show up 

most readily in its signature. 

The objective of this thesis will be to investigate how much 

of the ^Ne presently in the earth's atmosphere could have been 

produced by early particle bombardment of planetesimals. This 

could also be stated conversely as how long planetesimals could 

have been exposed to particle bombardment to give the observed 

21 
abundance of Ne. From the second statement of the objective, it 

is clear that these results will allow some speculation as to the 
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accretion time of the earth. 

In order to fulfill the objective in light of the initial 

discussion, it will be necessary to first consider the sources of 
21 Ne in planetesimals before they accrete. From these considerations 

it will be possible to establish a production rate for the pertinent 

nuclide. If one then compares the composition of neon today with 

that of neon in material not subjected to cosmic ray irradiation, 

any excess c,Ne which exists in the earth's atmosphere will yield 

an accretion time from the production rate found earlier. How¬ 

ever, it will also be important to examine other possible sources 
21 of Ne that are unrelated to the accretionary process, and how 

much of the ^Ne produced will be actually retained by the earth 

upon formation. 

The issues dealt with in this thesis will have a significance 

beyond the speculations on accretion intervals and planetesimal mass 

distributions. The possible survival of presolar dust or grains 

and its incorporation into the earth or other solar system bodies 

is a subject of considerable research and debate currently. The 

lifetime and irradiation history of such material will determine 
21 the amount of Ne that is produced. The results of this thesis 

may help place contraints on these topics. 
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II. SOURCES OF 21NE IN PLANETESIMALS BEFORE ACCRETION 

When considering the possible different modes in the 
pi 

production of Ne, it is first easiest to distinguish between 

those processes which occurred before and while the planetesimals 

accreted, such as the irradiation by galactic and solar cosmic rays, 

and those processes taking place during the lifetime of the earth, 

such as the influx of meteoroids, radioactive decay in rocks, and 

the possible accretion of neon by the earth as the solar system 

passes through interstellar clouds. 

A. Galactic Cosmic Rays 

21 The first source of Ne to be considered will be that of 

galactic cosmic rays. The production rates calculated for cosmogenic, 

21 21 or spallation, Ne (to be indicated from here on as Ne ) are based 

on the assumption that the energy spectrum at the time of the planetesi- 

mal irradiation is the same as that observed today. The validity of 

this assumption will be discussed later. 

21 1. Production rates of Ne in meteorite size objects 
V 

21 
In determining the Ne produced it is convenient to con- 

sider two different size regimes. For objects of approximately 

meter size or smaller, where the dimensions are of the same order 

as the interaction length of a galactic cosmic ray proton, the 

production rates calculated for meteorites are suitable. However, 

for objects that have radii greater than this, the production rate 
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will naturally be smaller and will need to be found in some other 

manner. 
21 To find the Nec production rate in meteorites, the follow¬ 

ing equation was used from Mazor et al- (1970): 

21Nec = 2.2(Mg) + 1.35(A1) + (Si) + 0.29(S) 

+ 0.17(Ca) + 0.017(Fe+Ni) 

21 This equation gives the relative production rates of Ne from 

the chemical composition (in weight %) for different target elements 

relative to silicon. These production ratios were taken from (and 

occasionally compromised between) values determined by Stauffer 

(1962), Hintenberger et jsK (1964b), and Eberhardt et al^. (1965a), 

from the consideration of cross sections and the differential energy 

spectrum of irradiation. 

If the assumption is made that these meteorite sized planet- 

esimals have a composition reflecting that of the bulk earth, then 

the weight percents in the second column of Table 1 are appropriate. 

When the bulk earth weight percents (Ganapathy and Anders, 1974) are 

placed in equation (1), the result is ^Ne = 47.32. Herzog and 
V 

Anders (1971) have calculated the absolute production rate of ^Nec 

in L-chondrites to be 4.66 x 10"® cm3 $jp g-1 myr”l. All the pro¬ 

duction rates are normalized to the L-chondrites, which have the 

composition listed in the third column of Table 1 (Mason, 1965). 

These numbers, when placed in equation (1), yield ^Nec = 55.15, so 
21 that the absolute production rate of Nec in objects of terrestrial 
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Table 1 

element bulk earth (wt. %) L chondrites 

Mg 13.21 15.22 

Ca 1.93 1.36 

A1 1.77 1.27 

Si 14.34 18.69 

S 1.84 2.22 

Fe 35.87 21.60 

Ni 2.04 1.10 

composition with radii less than approximately one meter will be: 

^22. x 4.66 x 10“9 ™3- S- = 4.00 x 10"9 cm3 STP 

55.15 g myr g myr 

Therefore, with the above production rate, all that is required to 

calculate the number of ^Nec atoms produced in planetesimals of 

this size is the mass of such material in the distribution. 

Ol 
2. Production rates of Nec in large objects 

Pepin elt aK (1974) calculated production rates as a function 

of depth for ^Ne in Apollo drill cores. From this it will be 

possible to establish a production rate for objects with radii 

greater than one meter. The derived relative production rate, F^, 

21 of Nec as a function of depth was set equal to 1.00 at the surface 

(0 g/cnr), increased to 1.80 at 100 g/cm and then decreased to 0.11 

at 700 g/cm^. Beyond a depth of 700 g/cm^ the production rate becomes 
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negligible and so is cut off at that point. The expressions Pepin 

et à\_. found are fairly rough approximations which depend on the 

target chemistry. However, for reasonable combinations of the key 

target elements magnesium, aluminum, and silicon, this dependence 

will not be critical, and moreover, the production rate they arrived 

at for the lunar drill core agreed more strongly with rock exposure 

ages than had previously reported values by Bogard et al_. (1971). 

In order to establish an absolute production rate in this 

case, it is necessary to anchor the relative production rate to a 

known value at some depth. In the previously discussed small 

objects the irradiation has a 4ir geometry, whereas for the larger 

objects the irradiation is only 2ir. So in order to make a smooth 

transition from one size regime to the other, the assumption is 
21 made that the relative production rate of Nec in these larger 

objects from the surface to the peak production rate at a depth of 

100 g/cm^ would be about half of the production rate calculated for 

the initial case. Therefore, the mean production rate of Nec over 

the 700 g/cm^ depth would be: 

Fl' °-700 ^/ml x 1 X 4.00 x 10-9 Cl"3 S.TP 

F21 0-100 g/cm2 2 g myr 

where the F^1 are mean values of the relative production rate 

functions over the given interval as evaluated from the data presented 

by Pepin et al_. This yields the absolute production rate of 21Nec in 

objects with radii greater than one meter to be 1.12 x 10"9 cm3 STP 

g-1 myr"1, assuming a bulk composition equal to that of the earth as 
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0*1 

before. In this case, the calculation of the number of Nec atoms 

produced requires the surface area of the planetesimals. This sur¬ 

face area, when multiplied by the absorber thickness traversed 

(700 g/cm^) and the production rate above, yields the result being 

sought. 

3. Discussion 

The assumption alluded to earlier must still be considered. 

Today's cosmic ray energy spectra and flux may not accurately 

describe the conditions under which the planetesimals formed and 

accreted onto the protoearth. It is conceivable that the production 

rate of ^Nec could have been much lower due to shielding of the 

planetesimals by gases in the inner part of the solar system that 

had either not yet condensed or that had not yet been driven out by 

a possible T-Tauri stage of the sun. Also, if in the early history 

of the solar system a sufficiently strong magnetic field existed, 

the planetesimals may have been subjected to less bombardment. 

Another possibility is that the source of the galactic cosmic rays 

themselves may have yielded an entirely different energy spectra 

and flux during this period. Here the radial gradient of cosmic 

rays as deduced from the Lost City meteorite (Fireman and Spannagel, 

1971) is also neglected. 

B. Solar Cosmic Rays 

The production rates of ^Ne by solar flares has been 

investigated by Walton (1974). The results taken from that study 
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are shown in Table 2 for three different solar cosmic ray proton 
O 

spectra integrated to 200 MeV and a depth of 25 g/cm. 

Table 2 

chemical 

composition 

Y/o Mg 

0% Al, Si 

Production Rates 

Spectrum A 

1.564 x 10'9 

Solar Flares 

Spectrum B 

2.409 x 10"9 

cm3 STP 
cm2 myr 

Spectrum C 

1.720 x 10" 

U Al 

0% Mg, Si 

1% Si 

0% Mg, Al 

4.673 x 10 

2.413 x 10'10 

-10 
6.612 x 10 

2.962 x 10"10 

5.140 x 10 

2.654 x 10 

Spectrum A represents the best fit to the average of the data 

for solar flares over the two high years of solar cycle 19, 1959 

and 1960. Spectrum B uses the same data as that for Spectrum A 

but also includes the anomalously high year, 1956. Spectrum C 

was calculated from the first eight years of solar cycle 20 (1965 - 

1975), and is equal to Spectrum A multiplied by the factor 0.11. 

These production rates are for material of the given chemical 

composition, which when multiplied by the bulk terrestrial com- 

21 
position given in Table 1 and summed, yield the following Ne 

production rates for solar flares protons: 
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Spectrum A — 2.49 x 10"® 
cm^ myr 

9 

-8 
Spectrum B — 3.72 x 10 

_q 
Spectrum C — 2.74 x 10 

Even the largest of these, Spectrum B, is more than twenty times 

less than the production rate calculated earlier for galactic 

7 cm® STP 
cosmic rays of 7.84 x 10_/ —5  , and the most realistic 

cirr myr 

appraisal is most likely to be Spectrum C, which is more than two 

orders of magnitude less. So in order for the solar cosmic ray 

21 
contribution to have been significant to the amount of Ne today, 

the flux would have to have been much higher during the accretionary 

period. 

Of course, many of the same considerations discussed for 

galactic cosmic rays are applicable here, but at least the sun 

has been of negligible importance over its stable history. There¬ 

fore, the same assumption as before will be made: that the energy 

spectrum at the time of the planetesimal irradiation is the same 

as that observed today, which implies that possible contributions 

from solar flares may be ignored. 
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III. THE COMPOSITION OF NEON IN UNIRRADIATED MATERIAL 

In order to compute whether or not the production of 

21 
Ne by galactic cosmic rays will prove to be significant, 

it is necessary to establish what the composition of neon is 

in unirradiated material. The three isotope correlation plot 

shown in Figure 1 has proven to be a powerful technique in the 

resolution of the neon system. In this representation the ratios 

20 22 21 22 
of Ne/ Ne are plotted versus Ne/ Ne, and any mixture of two 

independent components will lie on the line connecting the compo¬ 

sitions of the two components. Similarly, compositions resulting 

from the arbitrary mixture of three components will lie within 

the triangle whose vertices are the compositions of the three 

components. 

Looking at Figure 1, it is obvious that the earth's 

present atmospheric neon composition cannot be a simple mixture of 

the solar wind composition and cosmogenic neon for the reason 

stated above. There are two competing theories as to the reason for 

the position of the atmospheric point on this plot. The first 

explanation to be discussed will be the multicomponent model for 

the composition of neon, and secondly, the mass fractionation model. 

A. The Multicomponent Hypothesis 

Quite a number of possible primordial neon compositions 

have been proposed, as can be seen by the listing in Table 3. 



FIGURE I 

FIGURE 2 
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Table 3 

Composition 
20 22 

Ne/ Ne 
21 22 ! 4 Ne/ Ne Source 

Ne-A 8.2 ± 0.4 0.025 ± 0.003 Pepin (1967) 

Ne-B 12.52 ± 0.18 0.0335 ± 0.0015 Black (1972) 

Ne-C 10.6 ± 0.3 0.042 ± 0.003 tl 

Ne-D 14.5 ± 1.0 — II 

Ne-E 0 0 assumed 

Ne-Eobs 1.5 0.023 Eberhardt (1975) 

Nesw 13.7 ± 0.3 0.0333 ± 0.0044 Geiss et al.. (1972) 

Ne * 
atm 

9.80 ± 0.08 0.0290 ± 0.0008 II 

Nec 0.85 0.92 Eberhardt (1974) 

In order to justify the inclusion of only some of these compositions, 

it will be necessary to briefly review their relative merits. 

The first neon compositions to be discussed are those of 

the solar wind and the earth's atmosphere. The determination of 

the solar wind value was made by Geiss et al_. (1972) from the instru¬ 

ments flown on the Apollo missions. The terrestrial composition is 

taken from the same report. 

Neon A was so named by Pepin (1967) when the isotopic com¬ 

positions of neon in the carbonaceous chondrites he investigated 

defined a trend line that began at a point near the isotopic 
20 22 composition of cosmogenic neon and intercepted the Ne/ Ne axis 

at about 8.5. The value adopted by Pepin for the composition of 

Ne-A was determined by taking the point of intersection of the 
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above trend line with the line connecting the earth's atmospheric 

neon composition with that of "solar" neon. "Solar" neon in 

Pepin's paper had the ratios 4UNe/ Ne = 14.3 and Ne/ Ne = 

0.040. This component (Ne-A) is also called "planetary" due to 

its similarity of isotopic ratios and proportions of the various 

rare gases to that of the earth. 

The appelation neon B was given by Pepin in the same paper 

to a neon composition that he felt was closely related to "solar" 

neon. The actual isotopic ratios were first determined by Black 

(1972a,b) after stepwise heating experiments on gas-rich meteorites, 

lunar soil and breccia, and carbonaceous chondrites. Ne-B has 

been attributed primarily to direct implantation of rare gas ions 

by the present day solar wind because of its similar composition. 

Mazor et aK (1970) did a comprehensive study of the noble 

gases in 73 samples of 32 carbonaceous chondrites and 3 ureilites. 

Their work underlined the importance of the neon A and neon B 

compositions. When they plotted their data, the vast majority 

of their points fell within the triangle whose vertices were Ne-A, 

Ne-B, and Nec< Due to the apparent abundance and pervasiveness of 

these two components, their compositions will be considered 
21 

further when determining whether the earth has a possible Ne excess. 

Black made tentative identifications of three more possible 

neon isotopic compositions in his two papers in 1972. He proposed 

that the dark portions of gas-rich meteorites contained neon C, 

which was attributed to the direct implantation of solar flare ions. 

However, Walton et (1974) found that the neon compositions in 
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bulk gas-rich meteorites could be explained within the framework 

of neon B, cosmogenic neon, and solar cosmic ray neon. Their 

argument did not imply that directly implanted solar flare neon 

is not present in gas-rich meteorites or lunar fines, only that 

it was not necessary to invoke the Ne-C component. The proposed 

component neon C will therefore not be included in future con¬ 

siderations. 

Black also identified a composition he labeled neon D, 

which he attributed to rare gas ions being implanted by a 

primitive, pre-main sequence, solar wind. In Black's scenario, 

Ne-D would represent the solar neon composition before the sun 

passed through a T-Tauri stage. This component was seen only in 

lunar fines and one meteorite at low (300 °C) extraction tempera¬ 

tures. Because of the very tentative designation of origin and 

its extreme rarity in meteorites, this possible isotopic compo¬ 

sition of neon will also be ignored. 

Probably the most interesting discovery Black made was the 

trend his degassing data for several carbonaceous chondrites 

indicated for temperatures ranging from 700 °C to 1000 °C. The 

striking similarities in the isotopic compositions released from 

these meteorites enabled Black to restrict the component's true 

20 99 value to a certain specified region of markedly low Ne/ Ne and 

^Ne/^Ne ratios. Black, and later Clayton (1975), hypothesized that 
2? this "neon E" is pure Ne not indigenous to the solar mix but 

rather that it has an origin outside the solar system. In this 

theory, ^Ne -js either directly produced or generated via ^Na in 
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distinct nucleosynthetic processes and carried into the solar 

system by presolar grains. Thus the "theoretical" composition 

of neon E has 2(^Ne/22Ne = 0 = 21Ne/22Ne. 

The lowest measured values of these ratios thus far have 

been by Eberhardt (1975) with dUNe/^Ne = 1.5 and ^'Ne/ Ne = 

0.023. This defines a box of possible neon E compositions in the 

lower left of Figure 2, which includes the theoretical point. 

Due to its inclusion in carbonaceous chondrites and its extreme 

composition, the neon E component will be of critical importance in 

the multicomponent theory for neon. 

This concludes the brief review of the many proposed com¬ 

ponents. Those components to be included in the future discussion, 

as indicated above, are plotted in Figure 2. Cosmogenic neon, 

taken from Eberhardt (1974),is well off to the right. In the 

multicomponent model, the atmospheric point discussed earlier 

would be the result of a mixture of the above neon compositions. 

The possible combinations of those components will be discussed 

after consideration of an alternative viewpoint. 

B. The Mass Fractionation Hypothesis 

Srinivasan et aK (1972) did stepwise heating experiments 

on lunar fines in 100 °C steps from 200-1500 °C. The 2Se/^Ne 
21 22 and Ne/ Ne release data were then plotted on the three isotope 

correlation figure, as was a line calculated from an equation for 

diffusive fractionation that passed through the atmospheric neon 

composition. The result was that their mass fractionation line fit 
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the data fairly well for gas released at temperatures less than 

1000 °C. One problem is that the lunar release data tended to 

cluster at ^°Ne/^2Ne = 13, ^Ne/22Ne = 0.033, so that it is diffi¬ 

cult to tell exactly how well the fractionation line defines a 

trend toward the earth's atmospheric composition. Gas that was 

released at temperatures greater than 1000 °C appeared to contain 

a large cosmogenic component. This lunar release pattern was 

similar to the release pattern shown by the gas-rich portions of 

the meteorite Fayetteville (Manuel, 1967), where the neon isotopes 

released at the lower extraction temperatures also fit the calcu¬ 

lated diffusive mass fractionation line. 

If mass fractionation is adopted on this basis as being 

the process by which the present day neon isotopic composition is 
21 determined, then little, if any, Ne excess in the earth's 

atmosphere is required. In this case, the neon in unirradiated 

terrestrial material would be the same as its composition today, 

and it would have been derived from a solar-like composition. 

Although this model remains a viable alternative, with 

diffusive fractionation undoubtably occuring to some extent in the 

planetesimal's history, there are several considerations to be 

taken into account before it could be accepted as the sole mechanism 

by which the earth's neon composition is determined. First, and 

perhaps most importantly, Srinivasan et aK admit that the xenon 

isotope data released from their samples cannot be accounted for 

by their fractionation model of atmospheric xenon plus a cosmo¬ 

genic component. They find unreasonably high abundances of super- 
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heavy elements are required to account for the excess Xe and 

Xe. Secondly, neon E must be accepted as an independent com¬ 

ponent in the samples in which it occurs because if it were 

hypothesized to have been formed as the result of diffusion losses 

from solar wind neon, the corresponding initial gas abundances 

would have to have been extraordinarily high. Since neon E seems 

to be a truly independent component, this prompts the question 

of why others such as the ubiquitous neon A and neon B should not 

be accepted similarly. 

Another piece of evidence which was originally construed 

as supporting the diffusion fractionation advocates appears on 

the collection of more data to favor the multicomponent hypothesis. 
orj pp 

Stauffer (1961) first noted a correlation between Ne/ Ne and 

^Ne/^Ar. If diffusion has played the major role in determining 

the isotopic compositions of the rare gases, as Stauffer assumed, 

then he calculated that a linear relation should exist between the 

above ratios, since low ^Ne/^Ne ratios would be related to low 
on A/» 

ratios. At the time of his paper, however, there were 

only four points for carbonaceous chondrites, so the results were 

inconclusive. When Mazor et al_. (1970) completed their study of 

carbonaceous chondrites, the ^Ne/^Ne correlation with ^Ne/^Ar 

fit a curve well that had been calculated assuming a two com¬ 

ponent mixture of neon A and neon B. The points that did not fall 

on the correlation curve appeared to also contain neon E. 
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IV. THE PRESENT DAY ABUNDANCE OF 21NEC 

Choosing between the two proposed models for the compo¬ 

sition of neon in unirradiated material is not possible in a 

truly definitive manner. However, the prevalent opinion is that 

fewer ad hoc assumptions are needed for the multicomponent hypo¬ 

thesis, and so it has been favored by most authors in this field 

(Pepin and Signer, 1965; Mazor et al., 1970; Black, 1972a,b; 

Eberhardt, 1974; Herzog and Anders, 1974). Here this model will be 

adopted to investigate how various component mixtures may yield 

21 
a Nec abundance in the earth's atmosphere. The neon compositions 

to be considered are the solar wind value (Necll), neon A (Ne-A), 

neon B (Ne-B), and a rectangle of possible neon E compositions. 

If neon E's true value is taken to be the theoretical 

22 
prediction of pure Ne (Ne-E), then Figure 3 shows that a mixture 

21 
of Ne-E with either Ne-B or Ne$w would require an excess Ne content 

21 
in the earth's atmosphere. This Ne excess could have been supplied 

by galactic cosmic ray produced neon in spallation reactions (Nec). 

20 ?? If, however, the lowest presently observed values for the Ne/ Ne 

21 22 and Ne/ Ne ratios (Ne-E^) reflect neon E's actual composition, 

then there would be no need for a Nec contribution in the atmosphere. 

Values intermediate of these two extremes may or may not indicate 

21 a Ne excess depending on their exact location on the three isotope 

plot. 

The situation presented by neon A is difficult to evaluate. 
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Figure 4 shows that mixing lines of components Ne-A and Ne-B or 

Ne-A and Ne$w have definite excesses of 2^Ne, although the amount 

is smaller than that of the mixing lines in Figure 3. However, when 

discussing the individual components earlier, it was noted that 

Pepin (1967) defined neon A's location on the three isotope plot 

such that it fell on the mixing line of Nea^m and "solar" neon. The 

composition of "solar" neon has changed somewhat since that paper, 

so that the atmospheric point no longer falls exactly on either of 

the mixing lines presented in Figure 4. The important consideration 

to keep in mind is that the location of neon A chosen by Pepin 

precludes the possibility that the component neon A itself may have 

a cosmogenic component. If this were indeed the case, then 

correction of the present position of neon A for the Nec component 

would move it to the left on the three isotope plot, possibly onto 

the mixing lines shown in Figure 3. Black (1972a,b) first proposed 

that neon A was a mixture of neon E and neon B. Thus, the set 

of mixing lines presented in Figure 4 will not rule out the chance 

of a ‘-'Ne excess. 

Since the neon E mixtures with neon B and solar wind neon 

provide the clearest evidence for a 2^Ne excess in the terrestrial 

atmosphere, they will be considered in more detail. Determining 

the equations of the lines from the compositions Ne-E to Ne-B, 

Ne-E to Nesw, and Neatm to Nec, enables one to find their point of 

intersection and resulting 2^Ne excess. 

The mixture of Ne-E and Ne-B intersects the Neatm-Nec compo¬ 

sition line at 21Ne/22Ne = 0.0263, 20Ne/22Ne = 9.827 which implies 
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21 
a possible Ne excess of 9.31. The mixture of Ne-E and Nesw 

intersects the Nea^m-Nec composition line at ^Ne/^Ne = 0.0239, 

20Ne/22Ne a 9.851 which implies a possible ^Ne excess of 17.455. 

21 
These percentages can be turned into numbers of Ne atoms by 

21 considering the total amount of Ne in the earth. Assuming the 

mass of the atmosphere equals 5.2 x 10^ grams and that the weight 

-5 21 percent of neon is 1.25 x 10 , the total number of Ne atoms 
qc 

becomes 4.98 x 10. When this number is folded in with the 

percentages indicated above, one finds an excess of 4.63 x 10^ 

atoms of ^Ne for the Ne-E—Ne-B mixing line and 8.67 x 10^ atoms 

for the Ne-E—Necll line. 
bW 

So, accepting the multicomponent theory for neon, and neon 

22 E as being pure Ne, leads to a range of values for the present 

21 day atmospheric Nec abundance of about 9-17%. The interpretation 

of the mixing lines with neon A is ambiguous. 

Of course, it is necessary to keep in mind the error involved 

in the determinations of neon B and solar wind neon. By assumption, 

there is no error involved in the isotopic composition of neon E, 

but the error bars associated with the other two compositions makes 

their average ^Ne excess a more reasonable quantity to be dealt 

with than the individual figures. 
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V. SOURCES OF 21 NE AFTER ACCRETION OF PLANETESIMALS 

There are alternatives to the selection of galactic cosmic 
O! 

rays as being the only source of excess Ne in the terrestrial 

atmosphere. The simplest alternative is that the Ne is derived 

from the influx of meteoroids. A second calculation involves the 

production of 2^Ne from the reaction ^0(a,n)2^Ne, where the alpha 

particles occur in radioactive decay chains. Thirdly, the possi¬ 

bility of the earth accreting neon as the solar system passes 

through dense interstellar clouds will be considered. 

A. The Influx of Meteoroids 

21 Since the production rate of Ne in meteorites has already 
21 been discussed, all that is needed to determine how much Ne 

could have been brought in by the influx of meteoroids themselves 

is their cosmic ray exposure ages. King (1976) has plotted histograms 

of these ages for the following numbers and types of chondrites: 

183 H-group, 180 L-group, 24 LL-group, and 32 carbonaceous. Of 

these chondrites, only 30 have ages greater than thirty million 

years, with the largest being approximately fifty-eight million 

years. The vast majority have a cosmic ray exposure age of less 

than 2 x 10^ years, so this number will be adopted as an upper limit 

for this meteorite type. 

Chondrites constitute about 85% of all meteorites seen to 

fall, with achondrites (~6%), irons (~6%), and stony irons (-3%) 

making up the remainder. The cosmic ray exposure ages of the 
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achondrites, on the average, are not significantly different enough 

from that of the chondrites to affect that value, and the stony 

irons can also be neglected due to their absolute rarity. The 

cosmic ray exposure age distribution in iron meteorites was shown 

by Voshage (1967) to range from about 100 million years to one of 

2.2 billion years. Thus, their average cosmic ray age is sub¬ 

stantially higher than that of the chondrites and will be estimated 
. O 

at about 6 x 10 years. 

Using these averages and the relative abundances of 

chondrites and irons, the resulting average cosmic ray exposure 

age for all meteorites is roughly 50 million years. Multiplying 
21 this age by the previously found Nec production rate in meteorites 

gives 2.0 x 10"^ cm^STP/g as the average amount of ^Nec in 

meteoritic material falling on the earth. It was previously found 
21 that there could be an excess of Ne between about 9-17% in the 

IP P earth, which corresponds to an average of 4.2 x 10 crrrSTP/g. 

Therefore, the amount by mass of the earth which must be from 
21 meteoritic material in order to account for the excess Ne is 

-5 2.1 x 10 . Over the lifetime of the earth, this corresponds to an 
13 

influx rate of 2.7 x 10 g/yr. 

This influx rate is much higher than any estimate of the 

present day influx rate. Wetherill (1974) reports a value of about 

10™ g/yr of extraterrestrial matter impacting the earth, so the 

only way meteorites could play an important role is if their influx 

rate had been greater by at least a factor of 1000 in the past. Of 
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course, a high influx rate of meteoroids at the time of formation 
0*1 

of the earth is little different from having the excess Ne being 

due to cosmic ray bombardment of the accreting planetesimals. 

B. ^0(a,n)^Ne Reactions in the Earth 

21 Another possible contributor to the production of Ne 

is from the decay of alpha emitting radioactive elements in the 

earth. Wetherill (1954) conducted experiments in which he mass 

spectrometrically analyzed minerals to investigate spontaneous 

fission of uranium and thorium. From the neon released, he esti- 
21 mated the amount of Ne produced by this process to be between 

21 one and two percent of all the Ne in the terrestrial atmosphere. 

This rough value can now be greatly improved upon. Included in the 

refinements the present calculation will use are experimental cross 
18 21 sections of the reactions 0(a,n) Ne not available then, new 

estimates of the original uranium and thorium content in the earth, 

and the varying energies of the alpha particles, which were 

previously ignored. 

1. Range-energy relationships 

The alpha particles in the solid earth are provided mainly 

in the decay chains 2^8U + 2^6Pb, 225U ^Pb, and 222Th -*• ^8Pb. 

The contributions from 2^Pu and 2^Cm have also been considered, and 

the criteria by which other alpha emitters were eliminated will be 

elaborated upon later. 
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Fundamental to the calculation are the range-energy 

relationships in rocks for the alpha particles. This data was 

obtained from Deutsch (1958), who reviewed pleochroic halos in 

biotite [K(Mg,Fe)gAlSig0iQ(0H,F)2] , and is shown in Table 4 as 

well as plotted in Figure 5. The emitted alpha energies listed 

are the composite energies resulting from the multiplication of 

the various alpha particles given off by an isotope by their 

individual intensities and then summing. The equation of the 

least squares fit to this data is 

E = 0.553x' + 2.133 (2) 

where x' is the range measured in mg/cm^, assuming an average 

density of 3 g/crn^ for biotite. 

Figure 5 can be used to form Figure 6 by applying equation 

(2) to find what absorber thickness is traversed by an alpha 

particle in the loss of energy from 9 MeV to 4 MeV. From the above 

considerations, the equation for the alpha energy versus absorber 

thickness traversed line in the 4-9 MeV energy range is found to be 

E = E - 0.553x , (3) 
(X 

Ea being the initial alpha particle energy in MeV and E its energy 

after having traversed absorber thickness x. 

The lowest Ea in Table 4 is 3.98 MeV from the decay of 
232 Th, so the linearity of the data and equation (3) is applicable 

only for the indicated energy interval. In determining the equation 
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Table 4 

- emitter E a (MeV) in air(cm) 

Range 

(y) 
in biotite 2 

(mg/cnr) 

214Po 7.69 7.68 33.3 9.99 

2,9Rn 6.75 5.79 27.1 8.13 

21,Bi 6.57 5.51 27.1 8.13 

2,8Po 6.00 4.72 22.3 6.69 

222Rn 5.49 4.12 19.3 5.79 

210PO 5.30 3.92 19.3 5.79 

226Ra 4.77 3.39 15.7 4.71 

234u 4.75 3.28 15.7 4.71 

230Th 4.67 3.19 15.7 4.71 

238U 4.18 2.73 12.5 3.75 

212Po 8.78 8.62 41.0 12.30 

216P0 6.78 5.68 27.3 8.19 

220Rn 6.29 5.06 24.3 7.29 

212Bf 6.05 4.78 24.3 7.29 

224Ra 5.67 4.35 21.0 6.30 

228th 5.38 4.02 21.0 6.30 

232Th 3.98 2.53 11.9 3.57 
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of the curve for the 0-4 MeV energy range, the total range of a 
A 

9 MeV alpha particle is noted to be 12.42 mg/cnr while that of a 
o 

4 MeV alpha particle is 3.58 mg/cm . Applying equation (3), the 
2 

9 MeV alpha particle will have a residual range of 3.38 mg/cm 

when reaching 4 MeV. So to arrive at a straight line approximation 
2 

in the 0-4 MeV energy range, an average of 3.48 mg/cm was adopted 

as a 4 MeV alpha particle's range. This value yields 

E = 4 - 1.149x (4) 

as the applicable range-energy equation for the lower energy 

interval where the symbols represent the same quantities indicated 

before. Notice that there Ea does not appear since there are no 

alpha particles emitted below approximately 4 MeV in the decay 

chains considered. The error introduced due to the assumed 

linearity in the low energy region is small since the large con¬ 

tributions to the cross sections will be seen to occur above 5 MeV. 

2. Reaction cross sections 

18 21 The 0(a,n) Ne cross sectional data presented in Figure 7 

is a compilation of the work done by Bair and Willard (1962), Bair 

and Haas (1972), and Hansen et _al_. (1967). This data has been 

broken into two energy intervals to correspond with the above 

calculated energy-range relationships. Figure 8 displays the cross 

sections determined in the 1.5-4 MeV range and the following 

second order least squares curve: 
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lno-j = -13.150 + 8.984E - 1.088E2 , (5) 

and for 4 < E (MeV) < 9 (Figure 9): 

lna2 = 3.145 + 0.702E - 0.036E2 (6) 

where the cross sections are in millibarns. 

In order to change from a(E) to a(x) and find the inte¬ 

grated cross sections, equations (4) and (3) are combined with 

equations (5) and (6) respectively. For the low energy interval, 

the resulting integral is 
.2.176 

J a,(x)dx = 216.589 j exp(-7.823x - 1.436x2) dx . [A] 1 o 

For the high energy interval, the result will depend upon the 

initial alpha particle energy: 

Eg- » 
I* _0 • 5 5 3 J a2(x)dx = J exp{3.145 + Ea(0.702 - 0.036EJ 

- x(0.388 - 0.040E ) - O.Ollx2} dx . [B] 
a 

In Table 5 the results of the Gaussian integrations of [A] 

and [B] are presented, where the values of [B] are for selected 

initial alpha energies (Ea), and in both cases the units are 10“2^ mg. 

The total cross section for each alpha particle will be /(^(xjdx 

+ /a2(x)dx, of course, and this is plotted in Figure 10. It is 
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FIGURE 10 
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Table 5 

/a](x)dx . (10-27 mg) = 26.537 

Total cross section 

E 
a 

/a^CxJdx . (10“27 mg) [/a-j (x)dx + /a2(x)dx ] 

9 4343.055 4369.592 

8 3115.380 3141.917 

7 2036.472 2063.009 

6 1152.907 1179.444 

5 478.743 505.280 

4 0 26.537 

obvious from the numbers that the earlier approximation of linearity 

in the 0-4 MeV energy range will be of no consequence. 

Table 6 lists the pertinent series of alpha particles and 

their total cross sections. The E s are determined as stated a 

earlier, and the cross sections are Lagrangian interpolations of the 

data in Table 5. 

3. Original elemental abundances of the alpha emitters 

It is now possible to make the final calculation—the 
pi 

number of Ne atoms produced by these decay chains. The bulk abun¬ 

dance of oxygen in the earth is 28,5% (Ganapathy and Anders, 1974), 

which is equivalent to 1.95 x 10^ atoms/mg of the target nuclei ^0. 



36 

Table 6 

Series Isotopes E (MeV) 
a 

233u 238,, 4.18 

2340 4.75 

23°Th 4.67 

226 
Ra 4.77 

222Rn 5.49 

218PO 6.00 

214Po 7.69 

2,0Po 5.30 

235u 235u 4.34 

231Pa 4.94 

227îh 5.77 

223Ra 5.68 

219
R„ 6.75 

215PO 7.38 

211Bi 6.57 

[/c^(x)dx + /a^(x)dx ] . IQ’27 mg 

99.5 

368.3 

327.0 

378.8 

809.8 

1179.4 

2789.3 

685.9 

Total for 2^U series = 6638.0 

169.1 

471.3 

1006.0 

941.1 

1822.6 

2452.0 

1657.5 

Total for 2^U series = 8519.6 
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Table 6 (continued) 

Series Isotopes Ea(MeV) [/a.|(x)dx ■ <■ /a2(x)dx] . ID"27 mg 

232Th 232
TH 3.98 18.8 

228Th 5.38 737.2 

224Ra 5.67 934.0 

220Rn 6.29 1414.1 

2,6PO 6.78 1850.8 

2'2B, 6.05 (.337) 1218.6 = 410.7 

2'2Po 8.78 (.663) 4091.2 = 2712.5 

Total for 232Th series = 8078.1 

244pu 244Pu 
/decay \ 

4.66\energy/ 321.9 

240pu 5.16 599.4 

236„ 
4.48 233.6 

Total for 244 Pu series = 1154.9 

247Cm 247cm 
/decay N 

5.30\energy/ 685.9 

243Ara 5.25 654.6 

239pu 5.14 587.3 

247 Total for Cm series = 1927.8 
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c . . . ... . , 235.. 238.. 232t. 244_ 
Estimates of the amount of U, U, Th, Pu, 
247 9 

and Cm that have decayed in the earth in its 4.6 x 10 year 

lifetime are also required. The present terrestrial values for the 

bulk uranium and thorium abundances were adopted from Ganapathy 

and Anders (1974), U = 18 parts per billion and Th = 65 ppb. 
244 244 

Live Pu has been present in certain meteorites. If Pu 

were also present in the young earth, contributions from alpha 

particles due to its decay must be estimated. A similar situation 
247 

exists for Cm. 

A wide range of values have been reported for the original 

^Pu/^U ratio. Podosek and Lewis (1972) published a value of 

0.087 for white inclusions in the Allende meteorite, and Sabu and 

Kuroda (1967) calculated an average of 0.006 for several achondrites. 

The ratio used here was 0.030, which fell in the interval reported 

by Lewis (1975) of 0.017 - 0.045, and which is also consistent with 

the value of Wasserburg et _a]_. (1969) of 0.033. These determinations 

were made on whitlockite separated from the meteorite St. Severin. 

In any case, calculations shows that the ratio selected inside the 

range of those published to be relatively unimportant: in order 
238 

to make a contribution even 5% as large as that from the U, 
23*5 244 238 copy, tJtjh series> the original Pu/ U ratio must be approxi¬ 

mately 0.28, well outside the interval of reported values. 

Blake and Schramm (1973) calculated the original ratio of 
247 238 -4 247 

Cm/ U to be 2.9 x 10 . Due to this low abundance of Cm, 

it will be seen to be of no consequence in the final result. 
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4. Results and discussion 

pi 
Table 7 shows the number of Ne atoms each of the decay 

series will produce and the amount present in the terrestrial 

atmosphere as calculated earlier. The result is that the total 
p*| IO pi 

of Ne produced by 0(a,n) Ne reactions in the earth is approxi¬ 

mately 2.1%. 

Table 7 

Source Number of 21 Ne atoms 

atmosphere 4.98 x 1036 

238u 3.60 x 1034 

235(1 2.86 x 1034 

232Th 4.10 x 1034 

244pu 3.61 x 1032 

247Cm 5.76 x 1030 

The criteria which eliminated other possible alpha emitters 
21 from contributing to the Ne total were that the half life of the 

6 11 isotope must be between 10 and 10 years and that at least some 

of the alpha particles in the resulting chain must have energies 

greater than 4.0 MeV. Radioactive isotopes that have a half life 

equal to the upper limit of 10^ years will only make about 5% of 
238 

the contribution of U, assuming similar initial abundances and 

decay chains. As a result, it is very unlikely that any isotope 
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with a longer half life than 1011 years will make a significant 

effect compared to the total of ^U, ^U, and ^Th. 

It is necessary to consider the time interval required for 

possible contributing elements to be incorporated into objects 
18 where their emitted alpha particles can react with 0. This lower 

half life limit for radioactive isotopes can be given as approximately 

10 years, since evidence indicating the decay of A1 (half life = 

0.74 myr) has been found in the Allende meteorite (Lee et al., 

1976). Thus, only for radioactive isotopes that have half lives 
fi longer than 10 years can there be any assurance that the neon 

released in the alpha reactions will be quantitatively retained. 

The final criteria was based on the fact that cross sections for 

Ea < 4.0 MeV were entirely negligible. 
18 

The environment of the 0 and the alpha emitters must also 

be considered. It is assumed here that the uranium and thorium 

atoms are contained in silicates and oxides along with their 

daughter nuclei in the earth's crust. This simplifying assumption 

is made mainly because geochemical distributions of the pertinent 

alpha emitters are insufficiently known to make reliable estimates 

of the average oxygen content of their environments. 

In making an estimate of the error involved in the final 

result, the calculated curves for the cross sections should remove 

some of the random error in the individual measurements, which in 

any case was less for the more important higher energies (10% for 

E > 5 MeV, Hansen et aK) than for the low energies (25% for 
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1.5 < E < 5 MeV, Bair and Willard, Bair and Haas). Considering 

the errors involved in the cross section measurements, siting of 

the alpha emitters, and the initial abundances, a reasonable 

estimate of the error would be ±0.3%. 

Wetherill (1954) investigated other possible nuclear 
21 reactions which could produce Ne. After close examination, each 

of these reactions were discarded as mechanisms likely to produce a 

significant amount of ^Ne relative to ^0(a,n)^Ne. Since the 

analysis here increases the abundance by about a factor of two over 

Wetherill's lower estimate, these alternative nuclear production 

processes may still be considered negligible. 

Since the amount of excess Nec from the multicomponent 

hypothesis was seen to be between 9 and 17 percent, it is possible 

to conclude that the contribution from the alpha reactions, unlike 

the meteoroid influx, constitutes a significant portion of the total 

and will need to be taken into account in the later calculations. 

However, since this alternative source is not able to fully account 

for the c,Ne excess, the thesis objective remains a viable pursuit. 

C. Contributions from Interstellar Clouds 

Another possible contribution to the terrestrial neon content 

is from the gas and dust accreted by the earth as the solar system 

passes through interstellar clouds. Talbot and Newman (1977) have 

estimated the frequency of encounters between the solar system and 

dense interstellar clouds on the basis of a statistical study of 
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current observations. Butler et. .ai* (1977) considered the impli¬ 

cations of these encounters on the atmospheres of Venus, the earth, 

and Mars. 

It was found that the most significant enhancement of an 

element's abundance in these planetary atmospheres was for the case 

of neon. In fact, adopting what they termed a conservative value 

for the density of various classes of interstellar clouds at a 

distance of one astronomical unit, the amount of neon they expected 

to be added through such encounters exceeded 75# of that presently 

in the terrestrial atmosphere. Thus, within the framework of this 

picture, it would be conceivable that virtually all of the present 

neon was added by accretion of interstellar cloud material. 

It is interesting to investigate the isotopic compositions 

that are suggested if this scenario is correct. It would be possible 
21 to obviate the need for any Ne excess at all if a judicious choice 

for the accreted neon is made. If, for instance, the indigenous 

neon content of the earth (neon originally on the earth prior to 

any possible accretion of interstellar cloud material) were on the 

Ne$w-Ne-E mixing line, then the accreted neon composition would lie 

on the extension of the line connecting the earth's original 

composition with that of the present composition. If the lower 

estimate of 75# is adopted, the resulting locus of points indicating 

possible accreted compositions would be the line shown in Figure 11. 

This line of possible accreted neon compositions does not 

contain any totally unreasonable values, but some of the correspond- 
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ing indigenous terrestrial compositions are dubious, especially 

those near the Ne-E end of the Ne --Ne-E mixing line. If one 

eliminates all neon compositions on the Nesw—Ne-E mixing line below 

where it intersects the Ne-A—Nec mixing line as being very unlikely 

indigenous terrestrial compositions, one is left with the small 

range of possible accreted compositions labeled as "more probable" 

on Figure 12. Also on the figure is a small rectangle of the cosmic 

neon isotopic ratios as indicated by Aller (1961) and Arnett and 
20 99 91 99 

Clayton (1970). The former gives Ne/ Ne = 9.3 and ^ Ne/ Ne = 
20 22 21 ?2 

0.031, while the latter lists Ne/ Ne = 11 and Ne/^ Ne = 0.030. 

It is significant that the line and the rectangle intersect without 

any juggling, although such alterations could undoubtably be 

justified within all the errors and assumptions involved. 

Thus, with the use of neon accretion as the solar system 

passes through dense interstellar clouds having neon isotopic ratios 

similar to cosmic ratios and an indigenous terrestrial neon composi¬ 

tion lying on the Ne$w—Ne-E mixing line, it is possible to derive 

the observed present day terrestrial neon isotopic values without 

21 having any Ne excess. 

However, it is still also possible that the indigenous neon 

21 
composition had an excess Ne component due to cosmic ray bombard¬ 

ment of the accreting planetesimals, in which case it would not lie 

on the Nesw~-Ne-E mixing line. This possibility would require the 

shifting of the line of "more probable" accreted compositions to the 

left in Figure 12 to offset the extent to which the indigenous compo- 
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sition (with excess ^Ne) was off the Ne —Ne-E line. Since sw 
the possible accreted compositions line would shift to the left 

only one-third the distance of the distance the indigenous 

terrestrial point was from the Nesw—Ne-E line, one can see that 

large possible excesses of ^Ne can still result in having a 

large fraction of the accreted compositions line being in the 

cosmic isotopic ratio rectangle. 

In the unlikely event that both the indigenous composition 

and the average interstellar accreted composition were equal to 

the present observed terrestrial neon composition, then 75% of 
21 the Ne excesses discussed earlier would be due to the mechanism 

of accreting interstellar cloud material onto the earth. Although 

this would seem highly fortuitous, the Ne ratios are not that 

far removed from the rectangle of published cosmic isotopic 

abundances, and within the latter's error are probably very 

similar. In terms of tractability, this is the only combination 

of compositions which affords an opportunity for numerical exami¬ 

nation, and so will be considered further. 

It must be remembered that the above discussions were all 

for the "conservative" estimate of 75% of the terrestrial neon 

content being due to this cloud encounter mechanism. If this 

percentage is revised upward, the average isotopic neon ratios in 

the dense clouds must approach the terrestrial values observed 

today. As was noted in the last paragraph, this is not totally 

unreasonable with regard to what is taken as the cosmic neon 

isotopic ratios. If a fraction significantly higher than 75% is 
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desired, it will require the planetesimals retain very little of 

their neon content during the accretionary stage, as shall be 

shown. 

As an aside, it is interesting to note that if this picture 

of star-cloud encounters is correct, the average isotopic neon 

composition of the interstellar clouds which the solar system 

passed through cannot reflect a composition similar to that of the 

solar wind. The Ne$w ratios might be expected to be in accord 

with that of the dense interstellar clouds from which stars are 

assumed to form. However, if 75% of the Ne ^ ratios have the 
atm 

Nesw values, then the remaining 25% would be required to have an 
20 22 unphysical negative Ne/ Ne ratio. Obviously, if the 75% 

figure were revised upward, the situation would become even worse. 

It must also be noted that this theory of star-interstellar 

cloud encounters predicts a neon content on Mars which is 15 

times too large. The authors (Butler et 1977) present argu¬ 

ments in an attempt to alleviate this problem, but the discrepancy 

has not yet been fully resolved. 
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VI. ESTIMATES OF RESULTING ACCRETION TIMES 

Accepting a ^Ne excess in the terrestrial atmosphere as 

being between 9 and 17 percent, with possible corrections as 

indicated in the previous section, enables one to determine a 

tentative accretion time for a given size distribution of 

planetesimals. As a starting point, the reconstructed size 

distribution (II) for asteroids in the distance interval 

2.15 < d < 2.60 astronomical units (AU) as calculated by Anders 

(1965) will be examined. Secondly, the formulation for the 

accretion of the earth developed by Safronov, Wetherill and 

coworkers will be investigated. 

A. Anders' "Reconstructed" Asteroid Distribution (II) 

Kuiper et al_. (1958) pointed out that the magnitude distri¬ 

bution of asteroids shows a distinct break near absolute magnitude 

g = 9. They suggested this might indicate the division between 

asteroids which were original accretions and those which are the 

fragments resulting from collisions. The break was most pronounced 

for the innermost of the three distance zones they considered 

(2.0-2.6, 2.6-3.0, and 3.0-3.5 AU). The data is plotted in 

Figure 13 for the interval 2.15-2.6 AU where the absolute magnitude, 

g, is defined by g = p - 51og(rp) with p equaling the apparent 

magnitude, r the heliocentric distance in AU, and p the geocentric 

distance in AU. 
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The innermost zone had a significantly higher percentage 

of asteroids belonging to Hirayama families (46% vs. 21% vs. 26%). 

The Hirayama families are groups of asteroids with similar orbital 

elements that are thought to be collisional fragments of larger 

parent objects. Anders (1965) decided to reassemble these 

families into their defunct parent asteroids and thereby determine 

the original size distribution of the asteroids. 

Anders considered the inner zone from 2.15 to 2.60 AU and 

calculated the total mass, absolute magnitude, and diameter of the 

parent asteroid for each family. He then tabulated numbers of 

family and non-family asteroids for intervals of the absolute 

magnitude and added the parent bodies to the non-family distri¬ 

bution to determine the "reconstructed" distribution (I). This 

process has the expected result of depleting the fragmental branch 

and enhancing the original branch as shown in Figure 13. However, 

since the list of families is not exhaustive, this first correction 
r 

does not eliminate the collisional branch. A second correction 

equal to that of the first removes the fragmental branch, produc¬ 

ing the dashed curve labeled "reconstructed distribution (II)" 

in Figure 13. This size distribution will now be used as the 

prototype for the earth's accreting planetesimals. 

In Table 8, Anders' data is presented in the first two columns. 

The diameter, x, was calculated from an equation Anders found by 

assuming the asteroids had the same albedo as Ceres, the moon, 

and Mercury: log x = 3.686 - 0.200g. In finding the masses, a 
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Table 8 

g N x (km) M (kg) S (km2) 

4.25 1 685.5 7.506 X 1020 1.476 X io6 

6.75 2 216.8 4.749 X io19 2.953 X 105 

7.25 5 172.2 5.949 X 1019 4.658 X io5 

7.75 5 136.8 2.983 X 1019 2.940 X io5 

8.25 11 108.6 3.283 X 1019 4.076 X io5 

8.75 14 86.3 2.097 X 1019 3.276 X 105 

9.25 7 68.5 5.242 X 1018 1.032 X 105 

9.75 11 54.5 4.149 X 1018 1.026 X 105 

10.25 9 43.2 1.691 X 1018 5.277 X 104 

10.75 16 34.4 1.518 X 1018 5.948 X io4 

11.25 6 27.3 2.844 X 1017 1.405 X io4 

11.75 14 21.7 3.333 X 1017 2.071 X 104 

12.25 6 17.2 7.114 X 1016 5.576 X 103 

12.75 2 13.7 1.198 X 1016 1.179 X 103 

density of 4.45 g/cm3 (Lewis, 1972) was assumed to simulate 

terrestrial composition. The surface area and mass listed for each 

absolute magnitude includes the factor of N, the number of objects 

in each interval. It should be noted that the table is cut off 

at diameters less than about 10 kilometers due to lack of observa¬ 

tional data. This will be seen to be of critical importance later. 

The total mass resulting from this distribution is 9.5 

x 1023 grams with a surface area of 3.6 x 10^ cm2. When the 



figures are normalized to the earth's present mass, the surface 
20 2 area becomes 2.3 x 10 cm for the possible accreting planetesi- 

mals. Folding this figure in with the production rate found 

earlier yields 4.8 x 1033 atoms of 2^Nec per 106 years. An 

accretion time of 9.6 x 10^ years is consistent with 9.3% (i.e. 

mixing line Ne-E to Ne-B) of the ^Ne in the atmosphere being due 

to this irradiation mechanism. This accretion time drops to 

7.5 x 10^ years if the 2.1% contribution due to ^0(a,n)^Ne is 

taken into account. The respective figures for 17.4% of the atmos 

pheric Ne being due to Nec (i.e. mixing line Ne-E to Nesw) 

are 1.8 x 103 years and 1.6 x 103 years. 

The estimated accretion times resulting from this "recon¬ 

structed" asteroid distribution will be discussed further in the 

final section. At that time the effect on this model of having 

less than 100% neon retention during accretion, as well as a 
91 possible Ne contribution from interstellar cloud material, will 

be considered. 

B. The Safronov-Wetherill Model 

Another possible size distribution for the planetesimals 

is the theoretical model investigated by Safronov and coworkers. 

Many processes have been suggested which involve the existence of 

large (> 102^ grams, * 500 km radius) planetesimals during the 

formation of the solar system. Among these are Safronov's impact 

heating of the earth (Safronov, 1969) and the tilting of the 
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earth's rotation axis by a small number of large impacts (Safronov, 

1960). To evaluate the plausibility and relative importance of 

these processes required the development of a theory which predicts 

the size and velocity distribution of the planetesimals which 

accumulated to form the planets. In this theory, the process 

whereby the objects accrete is studied using the general methods 

of coagulation theory from colloidal chemistry. 

Coagulation theory yields a size distribution of objects 

that is described by an inverse power law: 

n(m) = [(2 - q)p(md)q“2]m"q (7) 

where md equals the largest mass for which the distribution is 

applicable, p equals the density of the accreting material, 

and q is an adjustable parameter determined from the stable 

solutions of the coagulation equation. Safronov and Zvyagina 

(1969) found that absurd conclusions were obtained if equation (7) 

were used for the largest bodies in the protoplanetary swarm. 

Instead, by considering the inclination of the planetary axis of 

rotation, they determined that the mass of the second largest 

body in the earth's zone had to be about 10 to 10 of the 

earth's mass. The inverse power law would be applicable up to 

this second largest body in their formulation. Zvyagina et al. 

(1973) found that a solution of the coagulation equation allow¬ 

ing for fragmentation was satisfactorily approximated with the 

exponent q = 1.8 over the entire range of mass values up to the 
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few largest bodies. 

Wetherill (1977) considered a variant of the Safronov 

picture which enabled him to include the chemical differentiation 

of the moon. The ability of Wetherill to do this within the basic 

framework of the coagulation model was a major victory for those 

theorists promoting long accretion times (lO'7 to 10^ years) for 

the earth and moon. This long time scale has been an identify¬ 

ing characteristic in marked contrast to the short time scales 

(= io^ years) proposed by Cameron (1973) and others for accumu¬ 

lation of the planets from a gaseous solar nebula. Despite the 

very serious difficulties the rapid accretion models entailed 

(Safronov, 1974), it had been believed that it was necessary to 

adopt such a scenario in order to explain the evidence for early 

chemical differentiation of the moon. 

Due to the definitive nature of the theory and its seeming 

lack of crippling shortcomings, its size distribution of planetesi- 

mals will be investigated further here. Also, since the time 

scale as well as the size distribution is included in the model, 
21 it should provide a prediction as to the absolute amount of Ne 

produced. 

In order to establish a size distribution, it is necessary 

to define the time at which the distribution is being considered. 

Wetherill (1977) states that the regime in which accretion will 

not be dominated by the planetary embryo can be said to extend 

up to the stage where 1/3 to 2/3 of the total mass is contained 
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in a single body. Safronov (1974) finds an "excavation" time 

(i.e. the time required to place h of the total mass into one 

body) of 8 to 12 million years. So the size distribution considered 

here will be one in which h of the total mass will be in the 

proto-earth and will have been irradiated for approximately 10^ 

years. 

One of the most important alterations Wetherill made in 

his 1977 paper on the subject was to significantly increase the 

size of the second largest body relative to the protoplanetary 

body. He determined values for the second largest mass when the 

terrestrial embryo is 1/3 the mass of the earth and when it is 

2/3. The averaged mass of about 1 x 10 grams will serve as the 

upper limit for the inverse power law spectrum. 

Using equation (7) with p = 4.45 g/cm^ resulted in Table 9. 

The absolute number of objects (nQ, column 5) was calculated by 

normalizing the sum of the mass densities (column 4) to the mass 

of the earth minus the mass of the two largest bodies. It will 
21 now be possible to calculate the production rates of Nec in 

atoms per 10^ years by using the data presented in Table 9 and 
21 -J l combining it with the appropriate Nec production rate in cnr g 

myr”^ found earlier. 

The production rate for objects with radius less than about 

one meter may be calculated by summing the masses for these bodies 
21 in Table 9 and using the meteoritic Nec production rate. This 

yields a production rate of 1.72 x 10^ atoms of ^Nec per 10^ 
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years. The rest of the planetesimals must be broken up into 

various mass regimes due to their different lifetimes in the 

Safronov-Wetherill model. 
24 The bodies with mass less than 2 x 10 grams and with 

radius greater than 100 cm. have a total surface area of 4.68 x 
pip 21 

10 cnr which corresponds to a Nec production rate of 1.20 x 

1035 atoms of ^Nec per 10^ years. According to Wetherill's 

(1977) calculations, the bodies with mass less than approximately 
2 A 

2 x 10 grams will have very short lifetimes against collisions 

and accretion onto the larger planetesimals. Therefore, it is 

assumed here that these objects will have been irradiated only 

for the 10^ year period on which Table 9 is based. This leads 

to a total c Nec production of 2.92 x 10° atoms for these small 

planetesimals. 

The accreting bodies with mass between approximately 

2 x 10^ grams and 10^D grams exist for a slightly longer period 

of time in this model. The total surface area of these objects 
18 2 7 is seen to be 2.36 x 10 cm from Table 9 after 10 years of 

accretion. If their lifetime extends beyond this period, they 

will enhance their surface area slightly. In order to get a 

feeling for the order of magnitude of the enhancement, it will be 

advantageous to first consider the two largest bodies. 

Wetherill (1977) asserts that the second largest planet- 

esimal is immune to destruction by collision, and is likely to 

accrete until disrupted by tidal forces. Safronov (1974) finds 
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that after 8 x 107 years, 98% of the mass is in the protoplanetary 

body, with the remainder essentially in the second largest body. 

Shortly after this time the accretion of the earth is completed, 

so that these masses can be used to find their respective surface 

areas. Multiplying these surface areas by this approximate 

accretion time of 8 x 107 years yields 9.6 x 10^ atoms of ^Ne 

32 21 for the planetary embryo and 7.2 x 10 atoms of Nec for the 

next to last surviving body. 

Returning to the intermediate bodies, an approximate life¬ 

time of 5 x 107 years seems safe to assume in light of the above 

discussion. The magnitude of the surface area enhancement is 

more difficult to estimate, but from the results it will be seen 

to be of negligible importance anyway. The maximum increase in 

surface area for these objects would occur if all the smaller 

masses (m < 2 x 10 g) were preferentially swept up. This is, 

of course, nonsensical since the protoplanetary body will actually 

be the one to do that, but it will provide a range of values from 

which to choose. In this case their surface area grows from 2.36 
io o ip 2 21 

x 10 cm to 5.21 x 10 cm , or in terms of Nec atoms result- 
7 33 ing from the 5 x 10 year irradiation, 2.4 x 10 atoms to 

33 5.4 x 10 atoms. Since these bodies are unlikely to grow much 

during the dominant accretion period of the protoearth, the 
21 approximate Nec production in them will be taken to be 

3 x 10^ atoms. 

21 It is obvious that the Nec produced in the intermediate 



60 

and large objects is totally negligible when compared to the small 

21 
planetesimals. In fact, in this theory, the amount of Nec pro¬ 

duced (2.92 x 10^6 atoms) is more than half as much as the total 

^Ne in the earth now (4.98 x 10^ atoms). If one considers the 

18 component mixture hypothesis and the 0(a,n) Ne contribution, 

35 
then for the mixture of Ne-E and Ne-B (3 x 10 atoms) the Safro- 

21 
nov-Wetherill theory gives almost ten times the amount of Nec 

required, and for a mixture of Ne-E and Ne$w (7 x 10^ atoms), 

21 about four times as much. The seeming excess amount of Ne 

produced by this formulation provides an excellent lead into the 

question of the neon retentivity of the accreting earth. 
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VII. THE RETENTION OF NEON DURING ACCRETION 

The terrestrial abundance of neon and the other noble gases 

is markedly less than the cosmic abundance. For instance, Suess 

(1949) reported that the cosmic abundance of neon exceeded that 

of the earth's by at least a factor of 10^. However, more 

germane to the discussion here is the relative abundance of neon 

in the earth to that of the accreting planetesimals. Indeed, one 

of the proposals by Suess to explain the low abundance of the 

noble gases was loss by gravitational fractionation, which Canalas 

et al_. (1968) deem as unlikely due to the marked similarity of 

the total fractionation pattern for terrestrial and meteoritic 

rare gases. They point out that this similarity suggests loss 

by the same mechanism in both bodies and conclude that selective 

loss of the lighter gases before the formation of planetary sized 

objects is a more likely explanation. In this case, the great 

majority of the gas would be lost before the final accretion. By 

considering meteoritic data it will be possible to make reasonable 

estimates as to the amount of neon that may have been lost 

through collisions, heating, etc. in the accretionary process. 

The amount of neon in the earth presently, according to 

Ganapathy and Anders (1974), is 2.5 x 10"® cm^STP/g. This gas is 

essentially all "trapped" neon, i.e. gas not produced in situ, as 

distinguished from gas with a cosmogenic or radiogenic origin. 

[This trapped component is also often referred to by the more 
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judgmental term "primordial".] This figure can be compared to the 

trapped rare gas contents observed in meteorites. 

Zahringer (1967) determined the noble gas content of 81 stony 

meteorites, most of the amphoterite, bronzite and hypersthene 

chondrite classes. In practically all cases, the neon abundance 

in these "ordinary" chondrites was in the 1 to 10 x 10"® cnPsTP/g 

interval. Mazor et a^.'s survey of the carbonaceous chondrites 

indicated that these objects ranged up to 5 x 10 cnrSTP/g in 
fi O neon content, with the vast majority below 1 x 10 cm STP/g. Pepin 

and Signer (1965) investigated the rare gases in the so-called "gas- 

rich" meteorites. These relatively rare meteorites are conspicuous 

in having a distinct light-dark structure, where the dark matrix 
-5 3 contains abundances of neon up to 1 x 10 cm STP/g. Two samples 

of the meteorite Fayetteville showed a neon content reaching 

2 x 10'4 cm3STP/g. 

As noted earlier, the ordinary chondrites constitute approxi¬ 

mately 85% of all meteorites seen to fall, so that an argument 

could be made as to their representing the composition of the small 

objects accreting onto the protoearth. If this were indeed the 

case, then it would appear that the retention of neon has been at 

least twenty-five percent. 

Type I carbonaceous chondrites are usually taken as being 

the best estimate of the elemental abundance distribution in the 

solar system among meteorite types since they show the least 

evidence of remelting after condensation. Other supporting evidence 
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for these objects is their agreement with solar and cosmic ray 

elemental abundance values. Assuming carbonaceous chondrites 

reflect the basic material from which the earth formed, then the 

retention of neon drops to two to five percent. 

If material of the gas-rich meteorite type contributed 

substantially to the earth's present mass, then the retention of 

neon would appear to be less than 0.2%. However, the absolute 

rarity of these objects combined with their significantly different 
?0 2? on 22 neon isotopic composition (Ne/ Ne « 13 versus Ne/ Ne = 10 in 

the earth) would appear to eliminate them from serious consideration 

as reflecting the small planetesimal's neon content. 

Contributions to the amount of terrestrial neon resulting 

from accretion by the earth as the solar system passed through 

dense interstellar clouds will obviously reduce the amount of neon 

that could have been initially retained by the earth during forma¬ 

tion. If it is true that at least 75% of the terrestrial neon is 

due to this mechanism, then the retention of neon by the protoearth 

falls to approximately 5% for planetesimals of ordinary chondritic 

material and one percent for planetesimals reflecting the compo¬ 

sition of Type I carbonaceous chondrites. 
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VIII. CONCLUSIONS 

If the atmospheric composition of neon is considered as a 

mixture of neon E and neon B or neon E and solar wind neon, then 

?l 21 
an average Ne excess of 13.3% of the total 'Ne in the earth 

results. When the contribution due to the nuclear reaction 

0(ot,n)^ Ne in the earth from radioactive decay chains is also 

taken into account, this figure drops to 11.2%, or 5.6 x!0° atoms. 

21 
For the case where this Ne excess is due solely to cosmic 

21 
ray produced Ne trapped within accreting bodies similar in 

composition to an average of ordinary and carbonaceous chondrites, 

the original planetesimal distribution must have contained a total 

of about 3.7 x 10^ ^Nec atoms. The retention of neon during 

the accretionary process for objects of that composition would be 

approximately 15% in this instance. 

21 
However, if about 80% of the excess Ne were due to neon 

accreted by the earth as it passed through dense interstellar 

21 
clouds, then the excess Ne currently in the earth's atmosphere 

resulting from cosmic ray bombardment of the planetesimals will fall 

35 
to 1.1 x 10 atoms. This figure assumes that the neon isotopic 

composition in the interstellar cloud material is the same as that 

presently observed in the terrestrial atmosphere. It is still 
OC pi 

necessary to have about 3.7 x 10 atoms of Ne from the cosmic 

ray source, but now the retention of neon during the earth's 

accretion falls to approximately 3%. The same average composition 

is assumed for the planetesimals as in the previous case. 
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Given a distribution of protoplanetary bodies similar to 

that found by Anders (1965) for a reconstructed asteroid distri¬ 

bution, a production rate of 4.8 x 1033 ^Nec atoms per 10® years 
Q 

results. Thus an accretion time on the order of 10 years is 
21 

necessary to produce the required Ne excess. This accretion 

interval is an order of magnitude larger than the longest times 

thus far proposed in models for the earth. 

In the Safronov-Wetherill model, where a theoretical mass 

distribution was calculated using coagulation theory and the 
21 

chemical differentiation of the moon, the absolute amount of Nec 

produced was 2.9 x 10 atoms. This figure agrees very well with 

the amount required for planetesimals having a composition that 

is a compromise between ordinary and carbonaceous chondrites. 

The obvious difference between the above distribution and 

that of Anders' is the one alluded to earlier: the number of 

small bodies. Simply by looking at Table 9, or by making a rough 

calculation, it can be seen that it is necessary to have had 

approximately 1% of the earth's mass in planetesimals of 500 meter 
O 

radius or smaller to be consistent with an accretion time of 10 

years. Since the Gaussian distribution Anders assumed cuts off 

more-or-less at 10 kilometers, it is easy to see where the dis¬ 

crepancy arises. The "reconstructed (II)" distribution will give 
21 a smaller Nec production rate than does the observed distribution 

(4.8 x 1033 atoms/myr versus 1.7 x 103^ atoms/myr), but the 

difference is not as dramatic as it could be simply because there 
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was no observational data for objects with diameters less than 

approximately four kilometers. A slight extrapolation of the 

observed distribution on the low mass end would yield a suitable 

production rate, but the error bars are quite large. 

Thus it can be concluded that if an excess of Ne in the 

terrestrial atmosphere is accepted, constraints are placed on the 

length of the accretion interval and the mass distribution of the 

protoplanetary bodies. Within this framework, the formulation of 

Safronov and Wetherill yields a result which is consistent with 

the irradiation of the earth's accreting planetesimals by galactic 

cosmic rays. 
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