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ABSTRACT 

Rare Gas Analysis of 

Apollo-11 Glassy Fragments 

Sharon C. Allen 

The He, Ne, and Ar contents of nineteen Apollo-11 

glasses and four Apollo-12 glasses were measured mass- 

spec trometrically. The glasses were variously colored 

particles: amber, clear, green, and brown, and were ap¬ 

proximately 500 microns in size. We have found that these , 

glassy fragments contain much smaller quantities of trapped 

gas (solar wind) than lithic fragments the same size. The 

color of the glass particles is indicative of their chem¬ 

ical composition. The elemental and isotopic ratios are 

similar to those for lunar bulk soil. It has been shown 

that the amber and green glasses, and possibly the brown 

21 
glasses, contain a cosmogenic component of Ne which can 

2h 
be attributed to solar cosmic ray interactions with Mg 

27 
and probably with A1 . Similarly, the clear glasses con- 

A 
tain a cosmogenic component of ArJ which can be attributed 

Uo 21 
to solar cosmic ray interactions with Ca . The Ne rad- 



iation ages of three green glasses and one amber glass 

21 
are older than the average He radiation age for bulk 

38 
soil. Three clear glasses show an Ar radiation age 

*% ft 
older than the average Ar1^ radiation age for the bulk 

soil. 
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1. 

I. INTRODUCTION 

The fines from Apollo-11 (sample 1008U) are "rocks" 

smaller than 1 millimeter in size. Several kilograms of 

fines were collected by astronauts Armstrong and Collins 

during their stay on the Moon. Ten grams of this material 

were made available to our group at Rice University for 

studies of inert gases. 

The fines consist of particles having different shapes, 

mineralology, and chemistry. Conspicious among these par¬ 

ticles are the so-called basaltic lithic fragments, chips 

broken off, probably by impacts, from larger crystalline 

rocks on the lunar surface. I shall refer to these as lithic 

fragments. Second in importance (abundance) are breccia 

fragments, i.e., chips broken off from rocks that are brec- 

ciated. Third in importance are glassy particles (both 

lithic and breccia fragments often contain glass, but the 

former are predominantly crystalline in character), which 

were formed by impact melting when objects such as meteor¬ 

ites, large and small, struck the Moon's surface. The glassy 

particles display a variety of colors and forms, but most 

importantly, the color is often diagnostic of the chemical 

composition. Curiously enough, the chemical composition of 

the most abundant types of glass is often very similar to 

that of some major minerals appearing in crystalline rocks. 
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For instance, there are glasses that have the composition 

of feldspar. 

Although I have classified all the samples in this 

study as glasses, it is almost certain that some of the 

particles were actually crystal fragments (as opposed to 

rock fragments such as the lithic and breccia fragments). 

It is often difficult to tell from observations made under 

the binocular microscope whether a particle is made up 

entirely of glass, or whether it is crystalline. Because 

of the nature of my investigations (rare gas studies) I 

could not study the fragments under the po3.arizing micro¬ 

scope in order to determine their physical state. However, 

this apparent lack of firm knowledge concerning the pre¬ 

sence or absence of crystallinity does not in any way affect 

the major conclusions of the present work. 

Experiments with Apollo-11 lunar fines material show 

a strong anti-correlation between the particle size and the 

trapped gas content. This suggests a low-energy ion implan¬ 

tation which has been shown conclusively to arise from ex¬ 

posure to solar wind. The glassy fragments are nearly al¬ 

ways poorer in trapped gases than lithic fragments the same 

size, (Heymann & Yaniv, 1970) • Eberhardt, e_t al^ (1970) 

state that solar wind trapped gases are still located with¬ 

in a 0.2 micron thick surface layer of the individual grains. 
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However, trapped gases are only one component of the to¬ 

tal inert gas content, the other two possible sources are 

(l) radioactive decay products and (2) nuclides produced 

by interaction either with galactic cosmic rays or the less- 

energetic solar cosmic rays (such products are known as 

cosmogenic or spallation products). 

The goal of this research was to distinguish between 

the spallation products of galactic cosmic rays and those 

produced by solar cosmic rays. I expected to find certain 

systematic differences in the isotopic composition of the 

rare gases depending upon the proportion of galactic cosmic 

rays to solar cosmic rays that a soil particle had received. 

Measurements must be done with single particles because the 

use of many particles in one experiment is meaningless; the 

21 effects that I am looking for: enhanced production of Ne 

3 3 and, or Ar might be present in only one of the many part¬ 

icles. Also, the chemical composition of each soil frag¬ 

ment must be known in order to distinguish between chemical 

effects, i.e., variations caused by a mere change in the 

abundance of important target elements such as Mg, A1, Si, 

and Ca, and the effects caused by variations in average pro¬ 

ton energy that a soil fragment has experienced during its 

history. I am mainly interested in the latter. Accordingly, 

the composition of all the glasses for which I obtained rare 



gas data was first determined by electron microprobe 

4. 

anal¬ 

ysis. Thi? part of the investigation was done by Dr. G. J. 

Taylor. Subsequent to this analysis, He, Ne, and Ar iso¬ 

topes in twenty-four particles were measured mass-spectro- 

metrically. The glass particles fell into four color groups 

amber, clear, brown, and green. Generally, glasses of the 

same color had approximately the same chemical composition, 

but inert gas contents varied somewhat from particle to par¬ 

ticle 
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II. EXPERIMENTAL 

A. Sample Description 

Ten glassy particles and one ilmenite particle from 

Apollo-11 lunar fines sample 10084,40 were used as samples 

for this research. Each particle was cut into two parts 

using a razor blade and then securely mounted into a sec¬ 

tion of indium wire with the smooth, cut surface of the 

particle exposed. This was done so that electron micro¬ 

probe analysis could be performed effectively on the par¬ 

ticles. This analysis was performed by Dr. G. J. Taylor 

of the Geology Department at Rice University using an ARL 

electron microprobe located at the MSC facilities in Hous¬ 

ton. The results of this analysis, as well as labelling 

and a physical description of the particles (samples 1-3.1) 

are in Table 1A. Also included in Table 1A. are thirteen 

samples (12-24) analyzed by Dr. Dieter Heymann and Dr. Akiva 

Yaniv, using the same experimental procedures. Their data 

will be incorporated into this thesis as .supporting evidence. 

Note that samples 1-20 are from Apollo-11 and samples 21-24 

are from Apollo-12. We performed no electron microprobe 

analysis on any of the clear glasses, and to circumvent this 

difficulty, we have adopted the average chemical composition 

of a number of clear glasses that were analyzed by Wood, ejt 
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al (1970), also using an electron microprobe. Their re¬ 

sults are listed in Table IB. 

One should note that the relative amounts of elements 

among different color groups vary. The amber glasses are 

very rich in Fe and Mg while poor in Ca and Al. Clear 

glasses, on the other hand, are relatively rich in Ca and 

Al, but poor in Fe and Mg. The green glasses have amounts 

of Al and Ca similar to the amber glasses but also contain 

fair amounts of Fe and Mg. The brown glasses contain some¬ 

what lesser amounts of Al and Ca than the green glasses but 

have slightly more Fe and Mg along with considerably more 

Ti ( a factor of 1+0 times greater than that found in green 

glass ). In general, the brown glasses are very similar to 

the bulk fines in their chemical composition. 
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TABLE 1A. 

Physical description of the particles 
and results of microprobe ; analysis • 

Sample Sample type Weight Size in Results of microprobe 
number in ygm microns arxaly si s 3 in % weight 

St Oz QaO 7TOe 

i green glas s 113 500x250 40.5 29.0 14.4 4.5 6.9 0.2 

2 green glass 93 450 39.6 29.7 14.4 3.5 10.1 0.2 

3 green glas s 261 800x1000 45.3 2 l4.6 5J 8.7 0.4 

It green glas s 97 350x500 44.3 27.0 16.5 3.7 10.3 0.2 

5 yellow glass 129 500 46.3 18.7 8.8 9.3 9.5 2.0 

6 brown glass 179 500 4 0.0 l4.8 10.3 11.9 8.5 8.4 

7 brown glass 71 400x400 43.1 12.4' 9.1 7.0 10,1 8.2 

8 brown glass 1000 1000x2000 38.8 8.9 9.3 9.9 9.4 12.9 

9 brown glas s 135 400x700 46.0 11.7 10.0 12.5 10.8 5.2. 

10 brown glas s 646 43.1 ai 9.5 13.7 82 9.7 

11 i linen i ■4* fx o C 1*98 

12 brown glass 51 250 

13 brown glas s 171 400 

14 clear glas s 519 350 

15 amber glass 420 600 

16 green glas s 4 67 500 

17 clear glass 4422 jk to 88 
18 clear glass 774 105--250 

19 clear glass 210 700 

20 green glas s 627 700 

21 amber glass 145 35.4 ox 0.3 27.4 28.6 0.1 

22 amber g 1 s. s s 143 36.1 as 0.5 2 5.3 30.6 0.1 

23 amb e r glas s 113 35.4 0.2 0.3 27.6 28.7 0.1 

24 amb e r glas s 115 35.5 0.1 0.3 2 4.0 31.6 0.1 
*•"- —Ti 



TABLE IB. 

Average chemical composition of clear glasses. 

(Wood, et al, 1970) 

ELEMENT % WEIGHT OXIDE % WEIGHT 

Si 2k.3 sio2 52.00 

Ti 0.1 TiOg 0.17 

A1 17.1 A12°3 
32.30 

Cr 0.0 Cr2°3 
0.00 

Fe 0.0 FeO 0.00 

Mn 0.0 MnO 0.00 

Mg 0.1 MgO 0.17 

Ca 9.2 CaO 12.89 

Na 2.1 

K 0.8 

Ni 0.0 

S 0.0 

TOTAL 101.3 TOTAL 98.1*3 
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B. Sample and System Preparation 

After the samples had returned from MSC, each was 

carefully removed from the indium wire and together with 

fragments of the original particle (which had broken off 

in the cutting process) weighed on a Cahn electro-balance 

and placed on =*l" x 1" piece of A1 foil. The foil was 

then carefully folded so as to form a secure envelope 

about the sample. 

The samples were then loaded into a Pyrex line which 

serves as an entry to a quartz furnace with a molybdenum 

crucible. The whole system is kept under high vacuum and 

baked out for several days after the samples have been 

sealed inside the entry line. A rotary pump serves as a 

forepump and when the system pressure has been reduced to 

*10‘5 mm Hg, a Varian ion pump is turned on and the system 

-9 is baked until a steady pressure of ^5 x 10 mm Hg is reached. 

After this the furnace is baked out using induction heating 

of the crucible by an r.f. source at full power for a mini¬ 

mum of twelve hours. An optical Pyrometer is used to deter¬ 

mine the temperature of the furnace. The furnace used in 

this experiment was operated at a temperature of 1550°C. 
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C. Experimental Procedure 

An experimental blank was determined before each sample, 

that is, all procedures were carried out even though no sam¬ 

ple had been placed into the crucible. This was done to ob¬ 

tain the "background" gas spectrum. 

The sample was pushed horizontally (using a tack as a 

plunger and a small magnet outside the Pyrex line to guide 

the tack) until it reached access to a vertical line where 

it then fell into the crucible below. (See Figure 1.) After 

ascertaining that the sample was indeed in the crucible, the 

power supply for the HOO kilocycle r.f. source was turned on 

with its plate current set at 1.3 amps and the grid current 

set at 0.26 amps. The following procedure was then carried 

out for each sample and each blank: 

(1) After the r.f. source had reached full power, the 

sample was melted for fifteen minutes by induction 

heating. 

(2) At the end of the above fifteen minute period, the 

power supply and consequently the r.f. source were 

turned off. The system was then left at rest for 

twenty minutes. 

(3) During steps (l) and (2), the sample gases were ex¬ 

posed to a Ti-Zr getter heated at 900°C. At the end 
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of the twenty minute period in step (2), the heat 

source for this getter was turned off and the gases 

were then exposed to another Ti-Zr getter (which 

also had been preheated to 900°C) for further clean¬ 

ing. (The getters remove hydrogen, hydrocarbons, 

nitrogen, oxygen, etc.). 

(4) After the gases had been exposed to the second get¬ 

ter for twenty minutes, it was turned off and allowed 

to cool. The heavier gases (Ar, Kr, Xe) were trapped 

on a charcoal trap, cooled by liquid nitrogen. This 

"freezing-out" of the heavier gases continued for 

ninety minutes. 

(5) After this ninety minute period, the remaining gases 

were admitted into a 60° sector, U.5 inch, single 

magnetic analyzer for mass-spectrometric analysis. 

(6) When measurements of the lighter gases had been com¬ 

pleted, the liquid nitrogen was removed from the 

charcoal trap, allowing the heavier gases to expand 

into the mass spectrometer. When peak heights reached 

a constant level, measurements were then made. 

Our samples were so small we could not detect any Kr or Xe 
on our instrument. 
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D. Instrumentation (See Appendix A. for details). 

The mass spectrometer used in this experiments is a 

Nuclide Analysis-RSS and it consists of six main parts: 

(l) a conventional electron-bombardment ion source oper¬ 

ating at 75 Volts with an emission current of 0.5 milli- 

amps from the filament; (2) a high voltage supply which 

applies an accelerating voltage of 2000 Volts to ions leav¬ 

ing the ion source; (3) a 60° sector magnetic analyzer; 

(U) a nine-stage Be-Cu electrom multiplier having a gain of 

1000; (5) a vibrating-reed amplifier which changes dc 

current to an ac signal and amplifies the signal; and (6) 

an output recorder driven by this ac signal. See the sche¬ 

matic diagram of the whole experimental system in Figure 1. 

The mass spectrometer components are enclosed in Pyrex tub¬ 

ing and connected to the sample preparation system by Pyrex 

tubing and a series of standard ultra-high vacuum valves. 

A symmetric geometry exists such that the distance be¬ 

tween the source slit (which directs accelerated ions toward 

the magnetic analyzer) and the first boundary of the magnetic 

analyzer is the same as the distance between the second analy¬ 

zer boundary and the entrance to the Be-Cu electron multiplier. 

The instrument is protected against excessive gas pressure 

by a protective switch which shuts the high voltage off if the 

-b 
pressure should go above 5 x 10 mm Hg. This serves as the 
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upper pressure limit in the spectrometer while the lower 

_9 
limit or the best pressure obtainable is 5 x 10 mm Hg. 

We operate statically and allow the expanding gases to 

equilibrate throughout the system before taking a measure¬ 

ment. Helium constantly diffuses into the system through 

the Pyrex lines, therefore, He measurements are made by 

extrapolation to the time when gas initially entered the 

spectrometer. When allowing Ar, Kr, and Xe to evaporate 

from the charcoal trap, the high voltage is turned off 

because it acts as a pump by accelerating the ions toward 

the entrace slits of the magnetic analyzer, quickly deplet¬ 

ing the smaller amounts of these heavier gases by adsorp¬ 

tion onto the slit plates. This effect is also present with 

the lighter ions, but to a lesser degree, because the lighter 

ions are able to diffuse away from the plates. A reading of 

the gas pressure is taken when gas is admitted into the 

spectrometer and then the ion guage is quickly placed on 

"float" because it also acts as a pump if left on. When the 

ion gauge is on "float", the high voltage for the ion gauge 

is turned off, meaning there is no potential difference to 

accelerate the electrons past the grid into the region be¬ 

tween the grid and the anode where ionization of the gas 

occurs. If there are no available electrons in this region 

for ionization, ionization does not occur. This implies there 
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FIGURE 1. 

Schematic diagram of preparation system and mass spectrometer 
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is no ion current registered on the gauge and consequently 

no loss of sample ions. 

The advantage of operating statically is that a higher 

sensitivity is acquired when such a small amount of gas is 

present. This small quantity of gas is a result of samples 

weighing less than a milligram. Of course, the big disad¬ 

vantage of a static operation is that gas will keep coming 

off parts of the system, no matter how well baked-out the 

system is before processing a blank and a sample, i.e., the 

system has a "memory" of previous samples which wil be seen 

in addition to the amount present in the current sample. In 

a dynamic operation, the system is essentially flushed out 

continuously and the problem of "memory" is less serious. 

For our instrument corrections were made for the contri- 
1 0 

bution of HgO on mass 20 (the correction is 0.00205 parts 

of the 18-peak), for doubly-ionized Ar^ on mass 20 (the 

correction is 0.11+2 parts of the 1+0-peak), and for doubly- 

• 1+1+ 
ionized COg on mass 22 (the correction is 0.011+ parts of 

the 1+4-peak). Peaks at masses 1 and 2 were sufficiently 

small such that no correction for the H* contribution to the 

mass 3-peak was necessary. 
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III. RESULTS AND DISCUSSION OF ASSOCIATED ERRORS 

Results are shown in Tables 2, 3, 5 and 6. All errors 

given are standard deviations of the experimental quantities 

(not per cent error). The errors for Table 2. were com¬ 

pounded from weighing errors (0,5%) > analytical precision of 

peak-height determination, calibration errors, and errors in 

the blank correction. The errors of Table 3. are of two dif¬ 

ferent types: (l) errors in ratios of two different elements 

were calculated from the errors given in Table 2.; and (2) 

errors in isotopic ratios of the same element are compounded 

from precision of peak-height measurements and errors in the 

blank correction. The errors in Table 5. are of two different 

x M x. , 38 „ 3 ,, 21 . .. 20 , types: (1) errors for Ar , He , Ne , and Ne are calcu- JF sp ’ sp ’ sp ’ sp 

lated from errors given in Table 2.; and (2) errors for the 

other components were computed by the propagation of errors 

contained in the various quantities used in their derivation. 

Ho entry indicates that the amount of gas present was insuf¬ 

ficient for a measurement. Errors in Table 5. are projected 

from those in Table 3. 
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A. Total Gas Contents 

The total gas contents of these glasses are presented 

in Tables 2 A,B. Note that they are much smaller than for 

lithic fragments the same size. For example, sample 3 has 

dimensions 800x1000 microns and when it is compared to a 

lithic fragment of dimensions 700x1050 microns (Heymann & 

Yaniv, 1970) on a basis of cm of gas per gram of sample at 

STP, one finds the following approximate ratios, lithic frag- 

1* q ?0 „ 21 
ment to sample 3: He = 10, He3 = 2.5, Ne = 8, Ne = 3, 

Ne22 = 7, Ar36 = 9, Ar38 = 8.6, and Ar^° = 1.5. 

One of the major problems concerning the glassy frag¬ 

ments is why do they contain so little gas compared to the 

lithic fragments? Yet both glasses and lithic fragments are 

found in the same material, the lunar fines. Winchell & 

Skinner (1970), as well as several others, feel that the 

glasses were formed by extra-lunar objects (meteorites) im¬ 

pacting upon the lunar surface, the resulting shock produced 

sufficient heat energy to melt the material and the kinetic 

impact caused this material (melted) to be thrown outward. 

The liquid droplets probably condensed to solid form before 

reaching the lunar surface, thus resulting in homogeneous 

glassy fragments. Some possible explanations as to why lunar 

glasses contain so little gas will be discussed later. 
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In comparing gas contents among the four color groups, 

one notices that the Apollo-12 amber glasses have particles 

3 20 21 22 containing the highest amounts of He , Ne ‘ , Ne , and Ne 

found in this group of twenty-four particles. The clear 

glasses contain more He\ Ar^ , and Ar^ than the others. 

The green and brown glasses contain similar amounts of the 

various isotopes, on the average. 

The vast quantities of gas contained in the lunar fines 

and breccias have been attributed to solar wind implantation. 

Heymann & Yaniv (1970) showed an inverse size correlation 

for Apollo-11 trapped gases found in the bulk soil. (Calcu¬ 

lation of the trapped gas components is described in section 

III. C.). The trapped components of He , Ne and Ar~“ are 

plotted against 1/d (where d = particle diameter) and are 

shown in Figures 2, 3, and 4, respectively. Regrettably, 

most glasses have approximately the same diameter, some 500 

microns. However, direct solar wind implantation requires 

that fragments of the same size have approximately the same 

gas content, and evidently this is not the case here. This 

should be taken to mean that the gases represented in Figures 

2, 3, and 4 were not directly implanted by the solar wind. 

However, they may have been acquired at the time when the 

glass was formed, i.e., trapped and dissolved from an ambient 

gas phase. I shall return to this question in the discussion 

section. 
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TABLE 2A. 

-7 3 Sample inert gas contents. Unit£ :10 cm /gram at STP 

Sample 
number He1* He3 „ 

20 

Ne AT 21 Ne 
22 

Ne A 1+0 
Ar A 36 Ar A 38 Ar 

i 60938 
+ 3150 

25.35 
+ 2.36 

1051 
+ 52 

5.926 
+ .428 

80.93 
+ 5.85 

379.8 
+19.9 

73.24 
+6.88 

2 7790 
+ 1380 

7.61 
+1.74 

136 
+ 11 

9.355 
+ 1.17 

15.84' 
+2.18 

64.11 
+ 5.91 

44.24 
+3.61 

27.48 
+2.40 

3 29560 
+11 Ho 

20.21 
+ O.85 

360.5 
+ 22.3 

3.119 
+0.48 

29.31 
+ 3.00 

950.5 
+ 46.6 

93.29 
+8.14 

19.04 
+ 1.56 

4 17850 
+ 960 

7.31 
+ 1.26 

217.2 
+13.5 

3.257 
+1.03 

20.72 
+1.63 

294.3 
+ 23.6 

40.93 
+ 2.39 

6.68 
+0.93 

5 34980 
+ 1440 

15.15 
+ 1.58 

242.3 
+ 10.4 

3.220 
+ .411 

20.83 
+ 1.68 

62.58 
+ 5-00 

81.98 
+ 5.03 

15.46 
+1.79 

6 1.77 
+ 0.88 

238.5 
+ 8. .1 

1.403 
+ .429 

19.00 
+ 1.46 

85.31 
+ 2.65 

25.13 
+1.21 

4.39 
+0.37 

7 43710 
+ 3130 

18.70 
+2.50 

901.7 
+65.2 

5.718 
+ 2.18 

32.90 
+2.9 4 

28.26 
+ 2.03 

73.73 
+ 5.94 

19.23 
+1.67 

8 7740 
+ 210 

3.21 
+ 0.21 

70.9 
+ 1.4 

0.489 
+ .081 

5.83 
+ 0.30 

26.72 
13.33 

9.46 
+0.25 

2.69 
+0.09 

9 27660 
+1240 

10.43 
+ 1.02 

424.7 
+17.6 

4.098 
+ .603 

35.70 
+ 2.42 

230.3 
+ 9.8 

90.00 
+ 3.91 

18.05 
+0.99 

10 15610 
+ 4l0 

6.62 
+0.33 

403.7 
+ 5.9 

1.510 
+ .160 

31.62 
+ 0.87 

139.7 
+ 3.55 

75.08 
+ 2.20 

14.99 
+0.36 

11 64330 
+ll4o 

31.54 
+1.20 

607.1 
+10.4 

6.482 
+ .648 

51.42 
+ 3.83 

65.06 
+ 1.23 

35.85 
+ 1.00 

9.01 
+ 0.31 

12 9000 
+ 4500 

7.8 
+ 1.2 

334 
+ 18 

3.4 
+ 1.7 

28.5 
±2.5 

1990 
+ 2 59 

58.7 
+ 3.2 

12.0 
+ 0.8 
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TABLE 2B. 

-7 \ Sample inert gas contents. Units: 10 cm /gram at STP. 

Sample 
number 

He11 He3 M 20 Ne TT 21 
He „ 22 Ne . 4o Ar . 36 Ar A 38 Ar 

13 35900 
+ 1580 

15.9 
+0.9 

1320 
+ 29 

6.6 
+0.7 

10 4 
+ 3 

3760 
+105 

144.0 
+ 3.3 

28.7 
+ 0.8 

14 20300 
+ 386 

8.0 
+ 0.4 

216 
+ 4.1 

3.4 
->*0 »2 

19.0 
+ 0.8 

718 
+58 

44.5 
+ 2.0 

12.6 
+ 0.3 

15 28500 
+ 7U0 

23.5 
+6.3 

333 
+6.3 

4.6 
+0.5 

30.2 
+ 1.4 

315 
+ 20 

20.2 
+ 0.6 

3.8 
+ 0.1 

16 24400 
+ 630 

8.8 
+0.5 

759 
+ 13 

6.9 
+0.4 

64.6 
+1.7 

605 
+ 21 

92.0 
+. 1.6 

19.0 
+0.5 

17 181500 
+ 8000 

77.8 
+1.0 

2281 
+ 29 

7.6 
*0.5 

174 
+ 2 

1546 
+ 20 

643 
+ 8.2 

124 
+ 1.6 

18 52050 
+ 720 

22.6 
+ 1.0 

504 
+7.6 

3.1 
+0.2 

4o. 6 
+0.9 

1782 
+ 33 

187 
+2.6 

40.4 
+0.8 

19 66310 
+ 1970 

29.1 
+ 2.6 

729 
+ 21 

2.3 
+ 0.5 

52.4 
+ 2.6 

602 
+ 26 

276 
+7.6 

52.8 
+1.5 

20 103600 
+ 3500 

43.3 
+1.3 

1732 
+ 36 

16.8 
+0.8 

136 
+ 3 

44i 
+34 

181 
+ 2.8 

39.1 
+0.9 

21 77980 
+ 

92.4 2525 28.3 227 318 147 28.1 

22 117900 48.8 3441 32.2 259 106 19.6 

23 105000 52.1 3682 18.7 284 4? 150 28.2 

24 14820 6.3 204 5.0 20.0 78 18.2 
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B. Elemental and Isotopic Ratios 

24. 

22 

ll 3 3 U 
The elemental ans isotopic ratios He /He , He /He , 

„ 20 ,.T 22 „ 21. _ 22 . 36 /A 38 , 40/A 36 TT 4 20 He /Ne , He / Ne » Ar /Ar , Ar /Ar , He /He , and 

20 36 
He /Ar are shown in Tables 3 A,B. Pepin et_ al^ (1970) 

list the following ratios characteristic of Apollo-11 bulk 

It 3 u ?n ?O/HP 
soil analysis: He /He° = 2500, He /He = 30 to 105, He ' 

= 12.66, Ar36/Ar38 = 5.25 , and Ar*l0/Ar36 = 1.08 to 2.23. 

4 
All samples except nos. 2, 3, 12, 15, and 21 have He 

3 
to He ratios similar to what Pepin finds for the bulk soil. 

It 3 
Assuming that the average He /He ratio in the solar wind 

. 9 
has not changed in the last 3.6 x 10 years, i.e., since the 

formation of Mare Tranquillitatis, and assuming that this 

average ratio is close to 2500, (the value given by Jeffery 

and Anders, 1970, is 2640 + 250) there are at least two major 

reasons why these five ratios could well be below 2500. 

It 
First, radiogenic He from the decay of U and Th will increase 

3 
the ratio, and secondly, spallation He will decrease the 

h 3 
ratio because (He /He-) is~*5. There are reasons to believe sp 

4 , that my samples contain relatively little radiogenic He (see 

\ 4,3 section IV.), such that a principal cause of a He /He ratio 

3 
less than 2500 must be the presence of spallation He . Of 

course, isotopic ratios can be changed by diffusive loss of 

He from the solids. The effect should be proportional to \/^/3 , 

i.e., relatively large in the case of He. But diffusive loss 
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1* 3 will tend to increase the He /He ratio of the gas remain¬ 

ing in the solid, and cannot therefore explain any lowering 

of the ratio. The fact that only a few of the values in 

Tables 3 A,B. are greater than 2500 is strong indication that 

neither addition of radiogenic He , nor isotopic fractionation 

h 3 by diffusion has substantially altered the He /He proportions. 

4 “2 The average He /He”1 ratio of all these glasses is less 

than 100 (the average for lunar bulk soil); but four particles 

have ratios greater than 100 and the clear glasses as a group 

20 have ratios close to 100. The He /Ar ratio varies from 2.8 

in a green glass to 32.3 in an Apollo-12 amber glass. These 

two ratios are diagnostic of diffusion losses in a qualitative 

sense, since diffusion from the solids tends to lower both 

ratios simultaneously. Some significant He /He" and Ne^ /Ar 

ratios pertiment to this work are listed in Table 4, Hone of 

the glasses in this experiment show ratios in the range of the 

cosmic abundances; but they easily are in the ranges of the 

lunar soil data. 
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TABLE 3A. 

Element and Isotope Ratios. 

Sam. H Hi/He 
4 3 

He/He «. 2 0 . 22 N e / N e 
. r 21 .22 
Ne /He .36,38 Ar / Ar 

.4° .36 
Ar /Ar He/N!° 

v20 ,.36 
Re /Ar 

1 4.2 
+. 4 

2404 
+203 

12.357 
+0.729 

.0697 
+.0041 

5.186 
+ . 429 

57.98 
+ 1.77 

2.767 
1.06l 

2 9.8 
+2.7 

10 24 
+ 285 

8.589 
+1.1Q0 

• 5907 
+.0998 

3.096 
+ .28° 

1.449 
+. 3.38 

57.26 
+ 10.2 

3.075 
l-256 

3 6.8 
+ .3 

1463 
+ 68 

12.299 
+1.423 

.1064 
+.0174 

4.899 
+ .565 

10.188 
+0.967 

81.99 
15-43 

3.864 
+ .396 

4 4.1 
±•7 

2443 
+ 4 03 

11.359 
+0.754 

.1704 
+.0539 

6.131 
+ .804 

7.189 
+ * ^68 

82.20 
12.75 

5.305 
+ .214 

5 4.3 
+. 4 

2310 
+222 

11.629 
+0.826 

.1546 
+.0215 

5.304 
+ . 598 

0.763 
+.063 

144.4 
12-3.5 

2.955 
1-142 

6 12.552 
+0.904 

.0738 
+ .023 

5.728 
+ . 495 

3.394 
+ .!28 

9 • 492 
1-383 

7 4.3 
+ • 5 

2338 
+265 

12.439 
+0,683 

.0789 
+.0103 

3.834 
+ .245 

0.383 
+ .014 

48.47 
+0.5 3 

12.23 
+ .475 

8 4.1 
+. 3 

2410 
+ 166 

12.158 
+0.630 

.0820 
+.0143 

3.521 
+ . 130 

2.827 
1-356 

109.1 
12.82 

7.499 
+ .205 

9 3.7 
+. 3 

2651 
+246 

II.696 
+0.682 

.1148 
+.0175 

4.987 
+ . 213 

2.558 
+ .065 

65.12 
11.70 

4.719 
+. Ill 

10 4.2 
+ • 2 

2359 
+124 

12.763 
+0.300 

.0478 
+ . 005 

5.009 
+ .160 

1.860 
+ .063. 

38.68 
+0.86 

5.376 
+ .137 

11 4.9 
+ .2 

2040 
+ 73 

11.803 
j^O. 863 

.1260 
+.0154 

3.978 
+ .152 

18.15 
+ .473 

105.9 
l1-11 

16.93 
+ . 403 

12 8.9 
+4.5 

1121 
+ 567 

11.21 
+0.70 

. 118 
+ .0 59 

4.90 
+ .25 

33.9 
+ 4.8 

26.9 
+13.5 

5.68 
1.43 

« 3 i 4 _4 
Hfe/He values are in units of 10 
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TABLE 3B. 

Element and Isotope Ratios 

Sam. # *3 4 He/He He/Hi ..20 , ,22 Ne /Ne M21, 22 
N e / N e A?6/A?8 ■'A^/A?6 He/nl0 ..20 #.36 Ne /Ar 

13 4.4 
+ . 3 

2252 
+ 128 

12.65 
+ 0.25 

o.o64 
+ .003 

5.02 
+ .10 

26.1 
+0.9 

27.2 
+ 1.3 

9.13 
+ .29 

14 3.9 
+ . 2 

2551 
+125 

11.21 
+ 0.34 

0.176 
+ .004 

3.52 
+ .07 

7.39 
+ .65 

94.0 
+ 2.5 

4.85 
+ .23 

15 8.0 
+ .2 

1244 
+ 32 

11.03 
+0.39 

0.151 
+ .008 

5.29 
+ .16 

15.6 
+ .97 

85.6 
+ 2.7 

16.5 
56 

16 3.6 
+ .2 

2762 
+146 

11.74 
+ 0.23 

0.107 
+ . 0 0 4 

4.83 
+ .10 

6.58 
+ .3.8 

32.1 
+ .99 

8.25 
+. 20 

17 4.3 
+ .2 

2332 
+10 8 

13.14 
+ 0.24 

o.o44 
+ .003 

5.18 
+ .12 

2.40 
+ .04 

79.6 
+ 3.7 

3.55 
+. 06 

18 4.3 
+ .2 

2527 
+112 

12.41 
+ 0.2 5 

0.078 
+ .00 5 

4.64 
+ .06 

9.50 
+ . 11 

103 
+ 2 

2.69 
+ . 06 

19 4.4 
+. 4 

2280 
+195 

13.90 
+ 0.6.1 

o.o44 
+ .009 

5.23 
+ .07 

2.18 
+ .07 

90.9 
+ 3.8 

2.64 
+. 11 

20 4.2 
+ .2 

2392 
+ 97 

12.70 
+ 0.30 

0.123 
+ ,061 

4.64 
+ *08 

2.43 
+ .3.8 

59.8 
+2.4 

9.55 
+ .25 

21 11.9 844 11.10 0.3.25 5.22 2.14 30.9 17.2 

22 4.1 2415 13.30 0.046 5.43 34.3 32.3 

23 5.0 2016 12.98 0.051 5.34 0.31 28.5 24.5 

24 4.3 2353 10.19 0.252 4.30 72.7 2 * 6 

Ill/lle values are in units of 10 
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TABLE 4. 

T 4. ,„*!/„ 20 , „ 20,, 36 Important He /He and Ne /Ar ratios. 

Source Ti /IT 20 He /Ne M 2036 
Ne /Ar 

Mazor, et jal (1969) 

Low energy cosmic rays 980 11.2 

Lunar fines average 98 6.0 

Planetary gas (as found 
in carbonaceous chon¬ 
drites II) 

220 0.28 

Marti, et al (1970) 

Lunar soil 10 4 6.63 

Atmospheric 0.32 0.522 

Aller, (1961) cosmic abundance 355 72 

Suess & Urey, (1956) " " 400 66 

Cameron, (1965) " " 1000 13 
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20 36 The amber glasses show the highest average Ne /Ar 

ratio (=19) > while also showing the lowest He^/Ne^ average 

2 0 ratio (=50), thus indicating a high Ne content. The clear 

It 20 
glasses have high He /Ne ratios (80 < ratio < 103); but 

20 36 small Ne /Ar ratios (2.6 < ratio < 4.8). Samples 17, 18, 

and 19 (all clear glasses) contain much Ar . Table 4. shows 

20 36 an average Ne /Ar ratio of =6 for lunar soil and an aver¬ 

age He^/Ne^ratio of =100. Half of the Apollo-11 glasses have 

20 36 
Ne /Ar ratios less than 6 (mainly the green and clear glasses) 

and only six samples have He^/Ne^ ratios in the range of 100. 

However, these glasses do not show much evidence of having 

suffered diffusion, which is in agreement with the evidence 

4 3 given by the He /He ratios. Probably the reason why some 

He */Ne^ ratios are lower is because these samples contain 

4 , smaller amounts of trapped He (solar wind) than the bulk soil 

samples. 

36 38 
The Ar /Ar ratios range from 3.1 (sample 2) to 6.1 

(sample 4), both green glasses; but averaging =4.5 for all of 

the samples. This is noticeably less than the 5.25 average 

which Pepin found for the bulk soil. This could be explained 

3 8 by an increase of =17# more spallation Ar in the glasses, 

36 38 which would decrease the Ar /Ar ratio. In general, the 

. 4o 
Apollo-11 glasses contain =10# CaO, and Ca is the major tar- 

. , A 38 , get for Ar production. 
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The Ar^/Ar^ ratios range from 0 to 33.9 which is 

considerably more variation than Pepin (1970) found in the 

Apollo-11 bulk soil samples (1.08 to 2.23). However, Hey- 

mann and Yaniv (1970) listed Ar**^/Ar^ ratios varying from 

1.24 to 7.39 for the Apollo-11 fines. The higher ratios in 

the present samples are apparently due to substantial quan¬ 

tities of Ar^ rather than small quantities of Ar^. Carbon¬ 

aceous chondrites have Ar^/Ar^ ratios typically from =10 

to = 40 (Mazor, e_t al, 1970). 

20 22 The He' /Ne ratios are plotted against the correspond- 

21 22 ing Ne /Ne ratios in Figure 7. This three-isotope for 

neon was first utilized by Merrihue (1962) to describe the 

neon contents of the chondritic meteorite, Pantar. Later, 

Reynolds and Turner (1964) and Pepin (1967) used this method 

in interpretating neon data. In the last few years many work¬ 

ers have described neon found in extra-terrestrial objects by 

using this three-isotope plot. As a result, cumalative data 

now available show distinct trends, certain combinations of 

these two ratios which reflect the origin of the neon in ques¬ 

tion. These trends are shown in Figure 6. The upper left- 

hand corner is called "solar," and neon gases displaying ratios 

located in this region are thought to originate from the Sun. 

The middle left-hand region is called "planetary," these 

particular ratios are found in some classes of meteorites and 

in the Earth's atmosphere. Planetary gas composition is what 
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is thought to have been the isotopic composition at the 

time of planetary accretion. In the lower right-hand 

corner is the cosmogenic isotopic ratio for Ne based on 

data from stone meteorites. 

From Figure 7. we can see that all of our samples are 

close to the line extending from the "solar" region to the 

"cosmogenic" region. The brown glasses are more "bunched" 

than the other color groups. The spread of the data among 

color groups is in the following order: green > amber > 

clear > brown. Other investigators of rare gases in the Apollo- 

11 lunar samples (Heyraann and Yaniv; Reynolds, ejt al, 1970) 

have reported that a three-isotope plot of He places samples 

slightly below the solar-cosmogenic line. However, Pepin’s 

lunar sample (1970) fell on the line. The fact that most of 

our samples fall above this line suggests that they may con¬ 

tain some very small fraction of the planetary gas composition. 

The three samples that fall above the solar-cosmogenic line 

(sample 19, a clear glass and samples 2 and 20, both green 

20 22 
glasses) must have either high He /He ratios or else high 

21 22 He /He ratios. We would like to think that the cause is a 

21 22 21 
high Ne /Ne ratio due to cosmogenic Ne produced by solar 

2 4 21 
cosmic rays in the reaction Mg (n,ct)He which has a threshold 

energy near 6 Mev. The evidence will be discussed in section 

23 20 
IV.C.. Another possibility is that the reaction Na (p,a)Ne 

20 22 
is responsible for a high He /Ne ratio (Funkhouser, et_ al, 1970). 
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FIGURE 6. 

General trends seen in Ne isotopic ratios from 
extra-terrestrial data (meteorites and the Moon). 
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FIGURE 7. 

Three isotope plot: M 20 22 Ne /Ne vs. Ne21/Ne 
22 

(Actual plot on the following page). 
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C. Trapped, Radiogenic, and Spallation (cosmogenic) 
components of the gases. 

The mass spectrometer only tells us how much total gas 

is present for a certain mass number, and then we have to de¬ 

duce how much of this isotope is trapped, radiogenic, or 

spallogenic. We have performed this task in the following 

manner: 

HELIUM. 

1. Assumed no radiogenic He since we had no U or Th 

concentration numbers for these lunar glasses (or for 

other lunar glasses), from which to calculate the amount 

1| 
of Ke^. If one assumes a concentration of 100 ppb U 

and U00 ppb Th (slightly higher than what was found in 

bulk soil samples), then in 3.6 x 10^ years, 9.80 x 10-^ 

'em /gram at STP of He^ will be produced. This is only 

7.8# of smallest amount of He^ found in these samples, 

hence it is neglible. See Appendix E. for this calcu¬ 

lation. (This hypothetical amount of He 1 would onlv 
r 

amount to about 1% to 2% for a typical sample). 

H 3 
2. The He /He solar ratio is =* 3000 while the cosmogenic 

ratio is We don*t know if the solar wind is con¬ 

stant over geologic time scales, so we can assume the 

highest experimental value is solar since any spallation 

component will only increase the ratio. 
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4 . 3 
3. Adopted Eberhardt's value for the He /He solar wind 

ratio (Eberhardt, 1970) as 2700 jO.00. Inverting 

•3 h _ k 
yields the He /He value as 3.7 x 10 . This then, 

O li 
is the adopted value for (He /He ). , 

trapped. 
i 4 / 4. Assumed spallation He is neglible (-1 out of every 

/- 4 600 He atoms is a spallation product). 

3 4 / 5. Amount of He. = amount of total He (which is now 
tr 

3 1+ assumed to be all trapped gas) times the (He /He )^ 

ratio. 

6. There is no radiogenic He . 

3 3 3 7. Therefore, amount of He = total He minus He. . * sp tr 

NEON . 

?1 
1. There is no radiogenic Ne 

20 21 22 
2. The Ne : Ne : Ne spallation ratios obtained 

from meteorite studies by Pepin (1967) are roughly 

1:1:1. Pepin lists the trapped ratios as 12 : 

0.033 : 1. 

21 2? 
3. Heymann and Yaniv (1970) report a Ne /Ne * trapped 

-3 
ratio for Apollo-11 samples of 2.71 x 10 , We adopted 

21 22 
this value for determining the Ne and Ne components. 
oi 00 91 or* 

4. Amount of Ne, = amount of total Ne times the (He /Ne' ) tr 

trapped ratio. 

21 21 21 
5. Amount of Ne = total amount of Ne minus Ne . ♦ sp tr 

20 2 2 
6. Heymann and Yaniv (1970) report the (Ne /He ), "0 r 
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ratio as 14.03, the largest experimental value 

found in Apollo-11 samples. Pepin's work with 

Of] p p 
meteorites (1967) yielded a (Ne /Ne ) . . J sp ratio 

of 0.9. We have adopted both these values for 

for this calculation. 

„ „ 20 „ 20 20 . „ 22 „ 22 , „ 22 
7. Ne = Ne, + Ne and Ne = He, + Ne tr sp tr sp 

8. Coupling the above equations with the ratios in 

(6): 
po pp PP 

14.03 Nef + 0.9Ne tr sp 
Ne 

-0,9Ne22 = l4.03Nefc - Ne 
sp 

22 
!tr 

20 

22 

or 

add l4.03Ne,'‘“ to both sides: 
sp 

P P p p p p 
(14.03 - 0.9)Ne = l4.03(Ne + Nef ) - Ne sp sp tr 

He22 = (l4.03Ne22 - Ne20)/13.13 
sp 

22 

20 

which gives us a method of computing Ne using the 
* b sp 

2? 20 
experimental values obtained for Ne ~ and Ne * . 

22 
sp 

9. 
„ 22 .. 22 N e, = we tr 

M 22 - Ne 
sp 

10. Hef = Ne
20 

tr 

<D 
o\ 

0
 1 

11. 
20 20 

Ne = Ne 
sp 

M 20 - Ne. 
tr 

ARGON, 

1. Assumed Ar**^ neglible. 
sp 

4o 
2. Ar has both trapped and radiogenic components but 

we can not distinguish between them due to lack of 

, 40 
knowledge concerning the K contents. (K beta decays 

to Ar*1^). has a half-life of -1.4 x 10^ years. 
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3. 

k. 

5. 

6. 

7. 

From meteoritic data (Mason, 1965) (Ar^/Ar^) = 
w I* 

O /f <5 O 

5.35 and (Ar /Ar ) = 0.6. We adopted these 
sp 

ratios and used them in coupling the equations: 

.36_ 36 36 A 38 . 38 _ 38 Ar = Ar. + Ar and Ar = Ar. +Ar 
tr sp tr sp 

Similarly to the Ne case, we get 

Ar38 * (5.35Ar38 - Ar36)/li.T5 

Ar38 = Ar38 - Ar38 
tr sp 

Arsp * AI>36 - 5 • 35Ar38 

. 36 . 36 36 Ar = Ar - Ar 
tr sp 

It can easily be seen that there is a larger propa¬ 

gation of errors with each succeeding calculation, i.e., in 
30 30 

going from Arf to Ar^„ and so forth. The results of com- 

puting these various trapped and spallogenic components are 

listed in Table 5. Further processing of these components 

(calculation of production rates and normalization to an 

average lunar soil chemistry) is in section IV. B.. 
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IV. DISCUSSION OF RESULTS 

A. Concerning Total Gas Contents 

The two major issues involving the total gas contents 

are: (l) what is the origin of the gas, if not solai* wind? 

and (2) why is there so little trapped gas? If the solar 

wind is not the origin of the major part of the inert gases, 

then there are three remaining possibilities: (l) it could 

be primordial (planetary) gas, reflecting the solar system 

abundances at the time of planetary accretion, i.e., at the 

time of accretion of the parent materials of the lunar glasses 

(2) it could be more spallogenic than we presently suspect 

(our assumed cosmogenic ratios could be incorrect) and there¬ 

fore more of the gas was produced ijn situ by nuclear inter¬ 

actions with galactic and solar cosmic rays acting upon such 

target atoms as Ca, Mg, A1, Fe, Ti, and Si; or (3) the impact 

melting which produced the glasses could have caused various 

components of gases in nearby objects to be released due to 

heating, and then the glasses quickly solidified, trapping 

portions of this gaseous "atmosphere" inside. Concerning 

possibility (2), the reasons our assumed isotopic ratios for 

cosmogenic gases could be wrong are that the energy spectrum 

of both galactic and solar cosmic rays might have been dif¬ 

ferent in the geologic past from what we observe today and 
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since our adopted ratios are from the best experimental 

values to date, perhaps further experimentation will change 

the presently accepted values. If in the past, solar cosmic 

ray energies were much higher than what is presently observed, 

then more spailogenic gas would have been produced, changing 

the isotopic and elemental ratios for spailogenic gases be¬ 

cause the cross sections are very dependent upon the energy 

of the bombarding particles. On the other hand, if one as¬ 

sumes that solar cosmic ray energies have been fairly constant, 

then the only way for the gas to be more spailogenic is to 

make the gross assumption that these lunar particles have 

always been within 3 millimeters of the lunar surface over 

geologic time scales. Apollo-11 investigators generally con¬ 

clude that the lunar surface is not static, that there is some 

"turn-over" rate which is not yet established. Therefore, it 

is not likely that these particles have been within 3 mm of 

the surface for aeons, unless the turn-over rate is rapid' 

(a million years or less). Since the isotopic and elemental 

ratios of these glasses are much more "solar" than "cosmogenic", 

it is not very likely that any major portion of the gas is 

spailogenic. For further discussion, see the next section. 

Among the possible explanations as to why the lunar 

glasses contain so little trapped gas are the following: 

1. Perhaps the glasses are truly older objects; but with 



Ul 

relatively high diffusivity. This means much of the pri¬ 

mordial and trapped gas would diffuse away. 

2. Perhaps the gases of the parent material were re¬ 

leased due to the high temperatures it was exposed to dur¬ 

ing impact melting. If one assumes.that trapped.gases (es¬ 

pecially those close to the particle surface) diffuse away 

more readily than cosmogenic or radiogenic gases, then it 

would be possible for the glasses to be relatively new ob¬ 

jects, while their cosmogenic gas components show them to be 

much older. This would explain why so little trapped gas, 

i.e., solar wind, is seen, because the glasses as separate 

entities have not had sufficient exposure time to the solar 

wind. However, to some extent the cosmogenic and radiogenic 

gases would have diffused out as well. 
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B. Determination of the Production Rates for He , 
c ’ 

„ 21 . B 38 Ne and Ar . 

Galactic cosmic radiation is isotropic, approximately 

85# protons and 15# o-particles with less than 2# heavier 

nuclei, and varies in energy from a few hundred Mev to sev¬ 

eral Gev. Galactic cosmic radiation has a reaction depth 

of 1 meter into the lunar regolith material. The composi¬ 

tion of solar cosmic radiation changes more in a given time 

span than galactic cosmic radiation, the former having an 

average composition of 70# protons and 30# a-particles with 

about 1# heavier nuclei. Solar cosmic rays typically have 

energies in the 10 to 100 Mev range but occasionally may 

reach energies as high as 500 Mev (Kirsten & Schaeffer, 1970). 

Solar cosmic radiation is capable of penetrating only a few 

millimeters of the lunar surface, therefore lunar particles 

exhibiting solar cosmic ray produced isotopes must either be 

very old (at least a billion years old) or else have spent a 

significant part of their lifetime in the upper few milli¬ 

meters of the lunar surface. 

In order to see the effects we are looking for, which 

are stable isotopes produced by solar cosmic rays, the data 

in Table 5. must be further reduced, taking into account the 

variations in chemical composition between particles. In order 
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3 21 38 to make the data useful, the He , Ke , and Ar spallation 

contents in Table 5. will be reduced to a common composition 

for which we have chosen the composition of bulk soil. How¬ 

ever, we do not know the production rates of these isotopes 

by galactic cosmic rays in the lunar soil from .direct obser¬ 

vation. Fortunately, this information is available from 

meteorites, in particular, from the well-studied class of 

hypersthene chondrites. The production rates by galactic 

cosmic rays in the lunar fines is then calculable from the 

data for these meteorites. The following is a discussion of 

how the production rates are calculated and then of how they 

are normalized to an average bulk soil composition. 

Stauffer (1962) developed a mathematical expression 

which would allow one to calculate the galactic production 

3 2 ^ 38 ratios.for He-3, Ne , and Ar , based upon the amounts of c c c 

target elements in a particular sample. This work was based 

upon data from stony and stony-iron meteorites. Hintenberger, 

et al , (196I4) measured the rare gases inside individual min¬ 

eral phases (separated from a stony meteorite), and obtained 

3 21 
relatively reliable galactic production ratios for He , Ne , c c 

o A 
and Ar3 . Eberhardt (1965) obtained similar oroduction ratios c 

from a study of aubrites. 

We have combined their results and in addition made allow¬ 

ance for the production of Ne^ and Ar^^ from Ti. The produc- r c c 



tion equations are as follows: 

He3 = 2.00(1.179 x 10-2 [0] + 0.572 x 10'2) cm3/ gram 

-j.at STP 

* Ne2^ = 2.2[Mg] + 1.35[A1] + [Si] + 0.17[Ca] + 

.017[Fe + Ni + Ti] 

38 
* Ar c = l6.5[Ca] + [Fe] + [Hi] + 2.5[Ti] 

where the elements are in per cent weight. We did not find 

any ineasureable amounts of Hi in either the Apollo-11 or the 

3 8 
Apollo-12 glasses. The cross-section calculations for Ar c 

48 4 0 56 
production from Ti , Ca , and Fe with 0.75 Gev protons 

are presented in Appendix C. 

For the ten Apollo-11 glasses which I used as samples 

and for the four amber Apollo-12 glasses, information concern¬ 

ing their chemical composition is available. For the other 

samples we calculated an average chemical composition for each 

color group of glasses. Average chemical composition for the 

different glasses and for Apollo-11 bulk soil (which we adopted 

as our standard composition) given in % weight are: 

Si A1 Ca Fe Mg Ti 

**Amber glas s 17.2 3.0 5.2 18.0 6.5 5.8 

»«*Clear glass 24.3 17.1 9.2 0.0 0.1 0.1 

Green glass 19.8 14.6 10.7 3.4 5.4 0.15 

Brown glass 23.0 6.3 6.9 8.2 5.8 5.2 

*#*Apollo -11 19.6 7.4 8.5 12.3 4.8 4.4 
bulk soil 



* These are relative production rates and do not have 
absolute units. 

** Wood, et al, 1970 

*** See Table IB. 

***** These figures are averages of the analyses done by 
Engel & Engel, Maxwell ejb al, and Peck & Smith, all 
1970. 

The sample production rates and the sample-production-rate 

to bulk-production-rate ratio are listed in Table 6. The 

amount of spallogenic gas component (from Table 5.) is 

divided by the corresponding sample-production-rate to bulk- 

production-rate ratio to yield an amount of gas which repre¬ 

sents the part which was produced by galactic cosmic ray 

reaction, after all particles have been normalized to a com¬ 

mon chemistry. See Table 7. for the normalized amounts of 

cosmogenic gases present in these samples. It is seen that 

the amounts of these gases vary considerably, even after the 

normalization to bulk fines chemistry. The reason is, of 

course, each individual particle has its own irradiation his¬ 

tory which depends upon its age as well as on its average 

position beneath the surface of the regolith. For instance, 

particles which are relatively young but have spent most of 

their lifetime in close proximity to the surface will have 

greater amounts of spallogenic gases than older gases which 

have spent most of their lifetimes at a depth of several meters. 
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TABLE 6. 

Sample Production rates and sample-production-rate to 
bulk soil-production-rate ratio. 

Sample 
21 

Ne 
production 

rate 

A 38 Ar 
production 

rate 

s am.-pro.-rate sam.-oro.-rate 
bulk-pro.-rate 

for Ne^ 
bulk-pr0.-rate 

for Ar38 

i 50.47 173.75 1.206 1.059 

2 5*1.83 172.95 1.310 1.054 

3 52.08 176.60 1.245 1.076 

4 55.66 196.90 1.330 1.200 • 

5 48.72 114.15 1.164 O.696 

6 41.95 144.00 1.003 0.877 

7 43.63 125.65 1.043 0.766 

8 38.23 135.95 0.914 0.828 

9 45.56 134.65 1.089 0.820 

10 38.16 137.45 0.912 0.837 

12,13 45.74 135.23 1.093 0.824 

lH,17, 
18,19 

49.17 152.05 1.175 0.926 

15 40.53 118.30 0.969 0.721 

20 53.25 180.30 1.273 1.099 

21 54.77 25.41 1.310 0.155 

22 57.36 25.95 1.369 0.156 

23 54.47 25.51 1.301 0.155 

2U 58.37 21.81 1.393 0.139 

These are relative production rates. 
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TABLE 7. 

Cosmogenic gas components normalized to Apollo-11 bulk 
fines chemical composition. Units: 10“*® cm^/grara at STP 

Sample 

number 

Actual 
He3 

c 

Norm. 
He3 

c 

Actual 
Ne21 

c 

Norm. 
Ne21 

c 

Actual 
Ar3o 

c 

Norm. 
Ar38 

c 

i 31+21+ same 31+5 26 + 1* 27+88 26 + 83 

2 1*8 + 21 I! 
90 + 13 69+11 216+28 205+27 

3 92 + 9 
II 302+52 243+42 18+21* 17+23 

4 7+12 II 
27 + 11 20 + 8 0 0 

5 21+11* M 26+1* 2 2 + 4 1.5+7 2.2+10 

6 0 II 7.6 + 2 7.6 + 2 0 0 

7 26 + 2 tl 33+22 31+21 61+23 80+30 

8 3+2 II 3.0 + 8 3 • 2t1 10+1 12+1 

9 1+8 II 29 + 6 27 + 6 14 + 16 17+19 

10 0+3 
It 1*. 2 + 2 1* . 6 + 2 11+6 13+7 

12 1*7 + Hl 
II 

2 5+17 23 + 16 12 + 12 14.6+14.6 

13 27 + 9 
It 

30 + 7 28 + 7 21 + 3.2 26+15 

14 l*. 5 + 1* It 28+2 24 + 2 U 9 + 6 5 3+6 

15 124+6 It 

37 + 5 38 + 5 . 4+1. 6 . 6+2.2 

16 0 II 

^8+3 38 + 3 21+ 5 19 + 4 

17 107+36 II 
14+5 12 + 5 1*7 + 223 51+269 

18 33+10 II 16.5+2 15+2 60 + 9 66 + 11 

19 1*6+21* II 

.3+. 5 2.7 + 4 5.5 + 7 15 + 19 

20 50+18 
II 121 + 8 95 + 6 1*1*+7 5 4 + 9 

21 636+61* II 
215+13 159+10 8+7 53 + 46 

22 52 + 32 tl 2 5 + 10 3.8 + 7 0 0 

23 132+53 
It 

4 3 + 13 32 + 10 0 0 

24 8.3 + 6 It 1*5 + 6 33 + 1* 1*0+10 274+68 

Hec doesn
1t change significantly due to the fact its 

production rate is mainly calculated from oxygen. 



C. Discussion of the Normalized Cosmogenic Components 

In order to use the present form of the data in a mean¬ 

ingful manner, we must have some known production rate for 

3 21 38 Hec, Ne , and Ar , with which to compare the samples. We 

have calculated the production rates for hypersthene chon¬ 

drites using an elemental analysis of these meteorites done 

by Mason (1965). These production rates vere then normalized 

3 
to bulk soil composition, i.e., we now know how much He , 

0 p 38 
He‘c, and Ar would have been produced by galactic cosmic 

rays in a particle of bulk soil composition. The amount of 

3 21 cosmogenic gas increases with time; but the ratios He /Ne c e 

and Ne^/Ar^H remain constant in time, if the energy distribu¬ 

tion of the galactic cosmic rays has remained more or less 

constant. The expected cosmogenic ratios (due to only galac- 

o p 1 PI oft 
tic cosmic rays) are: He /Ne = 7-366 and Ne /Ar = I.U78. c c c c 

Therefore, we will plot the normalized cosmogenic gases of 

3 21 21 38 
the samples (He^ vs. Ne c and Ne vs. Ar c) and see if they 

fall on the expected line. What does it mean if the particles 

do not fall on the expected ratio line? Depending on where 

the sample points fall on these plots, there might be a rea¬ 

sonable explanation for the particular ratio seen. These ex¬ 

planations are given in Figures 8. and 9- The normalized 

Hec/Ne ratios of our samples are plotted in Figures 10 A,B 
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21 38 and the normalized Ne C/Ar ratios are plotted in Figures 

11 A,B. 

In Figure 10A, a very interesting thing happens, the 

green and amber glasses both fall on straight lines other 

than the expected ratio line. In Figure 10B, the clear 

and brovn glasses do not seem to form any pattern; but are 

randomly located about the expected ratio. Since the green 

and amber glasses fall below and to the right of the expected 

ratio, there are two possible explanations for what we see: 

either these glasses have suffered heavy He diffusion losses 

21 or else the amount of Ne that is seen in addition to the c 

amount attributed to galactic cosmic ray production, must be 

attributed to solar cosmic ray production. The latter is 

more likely, Since all of the green and amber glasses fall 

below the expected ratio, it at first appears that they have 

3 3 4 suffered He diffusion losses. However, the He /He ratios 

for the green and amber particles are average or higher, there- 

3 
fore He diffusion is not the dominant cause and we must con- 

21 elude that some solar cosmic ray produced Ne ' is present in 

these particles. This seems reasonable due to the high abun¬ 

dance of target elements such as Mg and A1. The amber parti¬ 

cles contain 30# MgO and the green particles ~10# MgO and 

-27# AlgOg, which provided many more targets in the amber 

21 
and green glasses for Ne production than in the other glasses. 
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It is also interesting that the slope of the line formed 

by the amber particles is closer to the expected line than 

that formed by the green particles. This is the opposite 

of what one would expect, based upon the chemical compos¬ 

ition of the two groups. Since the green particles are 

much poorer in Mg than the amber particles, one would ex¬ 

pect them to show a lesser effect of solar cosmic ray pro- 

21 duced Ne 24 c from Mg . The green particles are very rich 

in AlgO^ compared to the amber particles , but this is not 

a likely explanation. The reason is that one expects from 

2 lj. 21 
calculation of the Q values for Mg (n,a)Ne and for 

27 21 A1 (p,pa)Ne that the cross section for the first reaction 

is much larger than that of the second, especially at lower 

energies. See Appendix D. for this numerical calculation 

of the' Q values. Then for one reason or another, we must 

conclude that the green particles have had more exposure to 

solar flare particles. This could be due to the fact that 

the green particles are from the Apollo-11 site and the am¬ 

ber particles are from the Apollo-12 site. Perhaps the rego- 

.lith at the Apollo-11 site is thinner than the one at the 

Apollo-12 site, and the turn-over rate at Mare Tranquilli- 

tatis is more rapid. Or perhaps the green particles are rela¬ 

tively new and the turn-over rate is very slow. Both cases 

would give the green particles longer exposure times. 
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FIGURE 8. 

Possible causes for glasses to displaced from 
the calculated galactic cosmic ray production 
ratios. 

3 f 3 U a) under-corrected for Hef * i.e.7 (He/He)^ is too low 
tr5 / ’ tr 

b) He produced by proton reactions in galactic cosmic rays 
/ 

c) solar flare produced He ^ 

/ 
/ 

/ 
/ 

/ 

He diffusion 

co o 
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->*solar flare produced He 

/ 
diffusion due to He 
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/ 
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particles are expected to fall somewhere 
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/On this calculated galactic cosmic ray 

/ production line-^ 

He 
21 
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Possible 
from the 

causes for glasses to be displaced 
calculated cbsmic-ray production ratios. 

Ar 
38 
c 
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FIGURE 10A. 

3 21 Normalized He vs. normalized Ne .for green 
^ Q 3C 

and amber glass. Units: 10- cni /gram at STP 



FIGURE 10B. 

5^. 

3 21 Normalized He vs. normalized Ne for clear 
c Q e 

and brown glasses. Units: 10~ cm'Vgram at STP 
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In Figure 11 A the points fall to the left of the ex- 

2 «L 38 
pected Ne^ /Ar*5^ ratio line except for an amber and a green 

C 

particle. The fact that most points fall above the line 

suggests that Ne diffusion losses are not serious. Since 

Ne^ diffusion would be more extensive than Ar^ diffusion 

by a factor proportional to / 38/21, these points should 

fall below the expected ratio if diffusion had occured to 

any extent. Ignoring diffusion losses, the amount of solar 

21 
cosmic ray produced Ne relative to solar cosmic ray pro- c 

o Q 

duced Ar c, depends upon the relevant cross section and at 

this time, these cross sections are not knovn. It is not 

3 8 
surprising that the amber particles contain less Ar than 

the green particles because the amber particles contain less 

38 
than 1% Ca, which is the primary target for Ar production 

by solar cosmic rays. The two particles which fall below the 

21 38 
expected He /Ar ratio very likely have suffered Ne dif- c c 

fusion. This view is supported by the fact that these same 

samples are also very low in He^. Apparently, the heating 

38 . 
was not severe enough to cause significant Ar diffusion. 

The clear and brown glasses are plotted in Figures 10 B. 

and 11 B.. In Figure 10 B, all of the particles (except two 

3 21 
clear glasses) fall to the right of the expected Hec/Ne c 

ratio. The clear glasses contain so liitle Mg (< .1%) that 

it is improbable that the clear glasses contain any measure- 



56. 

2l 2b 
able amount of Ne produced from Mg . It is possible that 

21 
the additional Ne seen in the two clear glasses which fal■ 

to the right, could have been produced by solar cosmic ray 

27 
reactions with A1 ; but as mentioned earlier, excitation 

functions for this reaction are not known and therefore our 

conclusion is only speculative. In Figure 11 B., the clear 

21 38 
glasses are all on the right of the expected Ne C/Ar c line. 

3 8 This is strong evidence for Ar production from solar cosmic 

rays on Ca^ because these glasses are rich in Ca ( =13% CaO) 

At least two of the clear glasses show no diffusion losses 

21 
(Figure 10 B.) and the other two show no Ne diffusion. 

It appears that the brown glasses have suffered some dif 

fusion and three samples have either experienced extensive 

diffusion losses or else are very young particles, because 

these three samples appear in the lower left-hand corner in 

both Figures 10 B. and 11 B.. The brown glasses show a trend 

similar to the green glasses, but because the errors are so 

large, no useful conclusion can be drawn from this. It is 

possible that the brown glasses contain solar cosmic ray pro- 

duced Ne because they contain = 9% MgO and =28% AlgO^. 

Further experimentation with brown glasses will be necessary 

to settle their exposure history more firmly. 
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21 Normalized Ne 
c 

and amber glass 

vs . normalized Ar for green 
-8 3 c 

Units: 10 cm /gram at STP 
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FIGURE 11B. 

21 Normalized Ne 
c 

and brown glass 

vs. normalized Ar 

Units: 

38 
c for clear O 

10 cin /gram at STP 
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D. Galactic Radiation Ages of the Glassy Fragments. 

Perhaps the most convincing evidence for solar cosmic 

ray produced isotopes is found in the galactic cosmic ray 

radiation ages of the green and clear glasses as compared 

to the same ages of the surrounding materials (lithic frag¬ 

ments, fines, rocks, etc.) from Mare Tranquillitatis. The 

former ages are presented in Table 8. The normalized cos- 

mogenic gas contents were used to calculate these ages so 

that we might compare them directly to the radiation ages 

of the bulk soil. Note that sample 3, a green glass, which 

is the point fartherest to the right in Figure 10 A., has 

21 (S a remarkably high Ne radiation age, some 1510 X 10 years. 

P 1 Heymann & Yaniv (1970) report an average Ne" radiation age 
g 

of 230 X 10 years for fourteen bulk soil samples, with the 

highest value being 615 X 10^ years for a single lithic frag- 

21 ment. Sample 3 shows a Ne radiation age more than six times 

the average value for bulk soil and more than twice as old as 

the oldest particle in the group. Samples 2 and 20, also 

21 
green glasses, show Ne radiation ages about twice the aver¬ 

age for bulk soil. Sample 21, an Apollo-12 amber glass, has 

21 a Ne radiation age -3.5 times the Apollo-11 bulk soil aver- 
« 

age; but this may be an invalid comparison. 

* Radiation ages reported at the Apollo-12 Lunar Science Con¬ 
ference, Houston, January, 1971, show that sample 21 is indeed 
much older than the Apollo-12 fines. 
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Similarly, samples 14 , 17, and 18, which are the three 

clear glasses in Figure 11 B. falling to the extreme right, 

3 3 have Ar ^ radiation ages slightly greater than the average 
g 

bulk soil value of 158 X 10 years reported by Heymann & 
o Q 

Yaniv (1970). Stoenner, ejt aJL, (1970) report an Ar5 rad¬ 

iation age for an Apollo-11 Type A rock as 110 X 10^ years. 



61. 

TABLE 8. 

Galactic radiation ages of the glassy fragments from 

normalized cosmogenic gas components. Units: 10^ years. 

3 * 21 * # 38 * « * 
Sample He radiation Ne radiation Ar radiation 
c c c 
age age age 

1 31 155 87 

2 48 450 684 

3 92 1510 57 

4 7 135 0 

5 21 130 7.3 

6 0 38 0 

7 26 165 266 

8 3 15 40 

9 1 145 57 

10 8 21 42 

12 47 115 48 

13 27 140 87 

l4 4.5 120 177 

15 124 190 2 

16 0 190 63.3 

17 107 64 170 

18 33 75 220 

19 46 13.5 50 

20 50 475 180 

21 636 795 176 

22 52 90 0 

23 132 160 0 

24 8.3 165 9.3 

_ A 3 
« Used 1.0 X 10 cm /gram at STP/million years 

O <3 

Used 0.2 X 10 cm"3/gram at STP/million years 
8 *3 

Used 0.3 X 10 cm /gram at STP/million years 
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V. CONCLUSIONS. 

We have found that the Apollo-11 and Apollo-12 glassy 

fragments contain much smaller quantities of trapped gas 

(solar wind) than lithic fragments of the same size. The 

color of the glass particle is indicative of the chemical 

composition. The elemental isotopic ratios are similar 

to those for lunar bulk soil. It has been shown that the 

amber and green glasses, and possibly the brown glasses, con- 

21 tain a cosmogenic component of Ne which must be attributed 

to solar cosmic ray interactions with Mg“ and probably with 

27 A1 . Similarly, the clear glasses contain a cosmogenic 

3 8 component of Ar which must be attributed to solar cosmic 

1*0 21 
ray interactions with Ca . The Ne galactic cosmic ray 

radiation ages of three green glasses and on amber glass 

21 are considerably older than the bulk soil average Ne rad- 

38 iation age and three clear glasses show Ar galactic cosmic 

38 ray radiation ages older than the average Ar radiation age 

of the bulk soil. It is not logical that these glasses are 

older than their parent materials, so we must conclude that 

21 38 
solar cosmic ray produced Ne and Ar were present in these 

glasses. 

It is important to distinguish between the cosmogenic 

gases produced by galactic cosmic rays and those produced by 
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solar cosmic rays for the following reasons: (l) the 

determination of true radiation ages; (2) the possibility 

of being able to extrapolate the solar cosmic ray energy 

spectrum and flux back into past eras; and (3) to estab¬ 

lish the relative exposure to galactic and solar cosmic 

rays of lunar material in general. 

The origin of the cosmogenic ratio plots (Figures 10A,B. 

and 11A,B.) is zero time as far as the production of cosmo¬ 

genic isotopes is concerned. Conveniently, the lines formed 

by the amber, green, and brown glasses in Figures 10A and 

10B also pass through the origin. This allows us to consider 

a "solar radiation age" as well as the usual galactic radia¬ 

tion age. In essence, this will reduce the apparent galactic 

exposure ages of the particles since prior to this research, 

exposure ages were always based only on galactic cosmic ray 

produced isotopes. We have shown conclusively that solar 

cosmic rays are also capable of producing these same isotopes. 
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Appendix 1. 

VII. APPENDIX 

A. Detailed Instrumentation 

The operational aspects of a mass spectrometer are 

based upon the fact that ions entering a B field perpen¬ 

dicular to their velocity vector v are deflected into a 

circular orbit, resulting from the balancing of centrifugal 

and centripetal forces: 

(l) |B|nev = m|v|2/R, 

where j B[ is the magnetic field strength, n is the charge 

state of the ion, e is the electronic charge, m is the atomic 

mass number of the ion, R is the radius of curvature and |v| 

is the velocity magnitude. Before entering the magnetic field 

the ions are accelerated through a potential V, thus acquiring 

a kinetic energy ne|v| or: 

(2) ne|v| = m|V|
2
/2. 

Eliminating the velocity term from 

the expression relating the radius 

a homogeneous field B to several 

equations (l) and (2) yields 

of curvature of an ion in 

other important parameters: 

(3) 
1 ,2111V, 

B ne 

This suggests that for ions accelerated through the same poten- 
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tial, those of larger mass number will have a larger radius 

of curvature. One can see immediately the implications for 

an analytical application : distinguishing ions based on 

their charge of mass ratio. However, there is an inherent 

ambiguity, for example, a doubly-ionized atom of mass 2k will 

have approximately the same trajectory as a singly-ionized 

atom of mass 12. Unless the magnetic analyzer can resolve 

the small momentum differences between the two species of ions, 

only one peak will be observed at the m ass-eauals-12 position 

in the mass spectra. Corrections for this vere described un¬ 

der section II. D.. The radius of the ion path is dependent 

upon the accelerating voltage. 

HIGH VOLTAGE SUPPLY. Collisions among accelerated ions tend to 

cause variations in their energy, i.e., an energy spread AE 

about some mean energy E. The thermal energy of the ions, as 

well as the recoil energy gained from ionization is small. 

The ratio AE/E determines the width of the ion beam, since AE 

is fairly constant, E must be high for a narrow beam. A nar¬ 

row energy beam means better resolution. However, there is a 

limit on E, i.e., the accelerating high voltage. The insu¬ 

lating properties of the materials in the ion source are the 

major limiting factors. Energies as low as a few hundred ev 

cause sputtering, so 2 kev is a good compromise between these 

two limits. 
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MAGMET. The resistance of the magnet is =1200 ohms, the max¬ 

imum current is then 250 milliamps. This means there is a 

limit to how large a mass can he deflected and still reach 

the electron multiplier, due to the limit of the magnetic 

field strength. Larger masses require more intense B for 

the same radius of curvature. We have a top mass of l40 a.m.u 

for this instrument. 

COLLECTOR OR ELECTRON MULTIPLIER. The particular multiplier 

we used was specially built for use in our lab. It is a nine- 

stage Be-Cu electron multiplier with a potential drop of 250 V 

per stage. The first dynode is the "conversion dynode," con¬ 

verting ion signals to electron signals and from there on it 

is a genuine electron multiplier. The gain of the multiplier 

is aLOOO, i.e., 1000 electrons produced for every ion reaching 

the collector. This is somewhat of a low gain, it should be 

5000-6000, which means we have contamination or else one of 

the dynodes is bad. The multiplication factor on each stage 

is the 9th root of 1000. How do we measure gain? Before ions 

enter the multiplier, one has the option of measuring the ion 

current on a Faraday cup. The ratio of current on the last 

dynode to the current on the Faraday cup is the amount of gain 

IOM SOURCE. We use an emission current of 0.5 milliamps, and 

one asks why not use a higher emission current? The ion beam 

intensity is roughly proportional to the emission current. A 
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low emission current means a low sensitivity. However, the 

lifetime of the oxide-coated, Tungsten filament is very sens¬ 

itive (almost exponentially) to the emission current. Also, 

a high emission current will quickly deplete the gas, which 

is undesirable. Therefore, one must compromise and the selected 

emission current is stable to 1 part in 10 *. It is very neces¬ 

sary that the emission current be stable. 
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B. Lunar Fines Data From Other Investigators. 

Oxide 
10084 Bulk fines composition reported in % weight 

Engel & 
Engel 

Maxwell, Abbey 
& Champ 

Peck & 
Smith 

Average 
value 

Si02 4l. 50 42.28 42.20 41.99 

Ti02 7.50 7.35 7.32 7.39 

A12°3 
14.31 13.76 14.07 14.05 

FeO 15.62 16.02 15.81 15.82 

MgO 7.95 7.93 7.93 7.94 

CaO 11.84 12.00 12.01 11.95 

Ratios found 

in bulk fines 

Pepin, 
Nyquist, 
et al 

Funkhouser, 
Bogard and 
ZEhringer 

Hintenberger, 
et al 

li •a 
He /He0 

2400 2430 2540 2350 

n 20 

He /Ne 100 55 61 91 

„ 20 22 
Ne /Ne 12.66 12.4 12.8 12.7 

„ 21,w 22 Ne /Ne .034 .028 .034 .033 

* 36 , 38 Ar /Ar 5.38 5.20 5.17 5.15 

A ^0/A 36 Ar /Ar 1.07 1.10 1.20 1.10 
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o Q 
C. Calculation of the Cross-Section for Ar Production. 

The following is the general expression for calculating 

a nuclear cross section for the production of an element from 

another element with particles of a given energy (Kirsten and 

Schaeffer, 1970): 

, .2/3 
„ _ 711 (A./E) 11,. 85 A 
ff "  *  exu 2^  

A + 50 eXp E (A + 50) 

where E = energy of bombarding particles in Gev, A. = mass of 

the target, A = mass of product, A = A,-A . Below are the 
P t p 

cross sections for production of Ar^ from Ca^, Ti^, and Fe^ 

using 0.75 Gev as the energy of the bombarding particles: 

a 
Ar 

38 711 (1*0/0.75) 

Uo + 50 

2/: 

exp 11.85 (2)  

(0.75) (U0+50) 
81.10 

a 48 38 
Ti , Ar 

2/3 
= 711 (48/0.75) exp 11.85 (10) 

48 +50 
2 3 

(0.75) (48+50) 
= 26.91 

°Fe58 Ar38 

2/3 
711 (56/0.75) exp 11.85 (18)  

2 3 
(0.75) (56+50) 

10.34 

56 + 50 
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p k 21 
D. Calculation of the Q values for Mg (n,a)Ne 

ar»d for Al^ ^(p ,pa 

Q for Mg^** (n , a) He^ 

2k 21 2 
Q = (mass Mg + mass n - massa -mass Ne ) c 

- (25.3287 - 2k.2237Ja.m.u. x 1.66x10 ^ kg/a.ra.u. x 

= 1.1050 x 1.66 x 10 ^ x 9 x lO^joules x 6.2^2 x 10^ 

= 1030.30 Mev 

Q for Al^(p,pa)He^ 

Q = (mass A1 + mass p - mass p - massa -mass He ~) c 

= (26.9800 - 2k.2237)a•m.u. x 1.66 x 10 ^ kg/a.ra.u. x 

= 2570.lU Mev 

Mev/joule 



Appendix 8. 

4 , ’ ' E. Calculation of Hef from lOOppb U and 400ppb Th 

decaying over 3.6 x lO^years (time since the forma¬ 

tion of Mare Tranquillitatis). 

-5 10 
A 100 pgram sample contained 10 pgram U or 2.53 x 10 atoms U 

2 38 
Today, U is 99.28$ of the U abundance but 3.6 billion years 

2 38 ? 0 5 
ago, U was -76% and U'"1 was -23% of the U abundance. So in 

10 238 
our hypothetical sample there were 1.92 x 10 atoms U and 

0.58 x 1010 atoms U23^ to decay. By the decay chain, U23^ 

4 235 4 
yields eight He atoms and U yields seven He atoms. In 

2 3 8 
3.6 billion years, 40$ of the U will decay and 96.9$ of the 

U235 will decay: 

7.70 xiO'' atoms of U23^ decay producing 6.I0O x 10^ atoms 

4 9 235 
He and 5*72 x 10 atoms of U will decay producingn 

4.004 x 10^ atoms He**. 

Similarly, Th“'' will produce l6.l6 x 10 atoms of He in 

3.6 billion years,adding all contribution together we have 

that the sample produced ,26.32 x lO^ato.ms He** from radioactive 

decay. This is the equivalent of 9.80 x 10 cm /gram at STP 

of He**, 
r 


