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ABSTRACT
Inert Gases in Fifteen Iron Meteorites
by
Russell L. Palma

The inert gases helium, neon, argon, krypton, and xenon were meas-
ured mass-spectrometrically in the metal phases of fifteen ironmetesrites
and in graphite and troilite mineral separates from the Odessa iron mete-
orite. The meteorites analyzed were chosen because of their low cosmic
ray exposure ages; most had known exposure ages of less than 200 million
years. The hope was that the prominent spallation component seen inprior
iron meteorite inert gas measurements would be reduced enough to allow
detection of a trapped gas component, should one exist.

Approximately three gram samples were fused in a thoroughly out-
gassed alumina crucible. Surface contamination was removed from the sam-
ples by acid treatment and by preheating the samples for two days at 300
°C. Blank measurements were made for correction purposes before and after
each sample.

All of the meteorite samples show evidence of havinga cosmogenic
inert gas component. Small variations attributable to different trace
element abundances and cosmic ray shielding are seen. Large deviations
from the predicted cosmogenic compositions correlate with short cosmic
ray exposure ages and often indicate the presence of a trapped atmospher-
ic-like inert gas component. Those samples showing anomalous behavior
in one inert gas tend to show anomalous behavior for all the inert gases.

The inert gas data from most samples are consistent with the heli- -

um, neon, and argon concentrations being largely of cosmogenic origin and



the krypton and xenon resulting from a mix of solar wind, atmospheric,
and cosmogenic compositions. However, there are several meteorites
which are anomalous with respect to the above interpretation.

Krypton and xenon measurements had only been made in the metal
phase of five iron meteorites, so determining the composition of those
two gases was an important result of this work. The light krypton iso-

topes 78Kr and el

Kr are enriched in many samples relative to a mixture
of atmospheric-solar wind and cosmogenic krypton. Prior investigations
of xenon in iron meteorites had assumed only the presence of cosmogenic
and atmospheric xenon, but the data from this study suggest that many
xenon components may be trapped in the metal phase.

The Braunau inert gas data indicate strongly that this meteorite
contains primordial trapped gas. Furthermore, the Braunau xenon composi-
tion includes the admixture of a xenon comporent not hitherto seen in any
meteorite, stony or iron. This new component is marked by a low

128, /132

Xe Xe ratio.

The inert gases in the mineral separates from the Odessa iron

meteorite also show contributions from spallation, but have distinctive

components not seen in the metal phase. There are enrichments at 80

82

Kr,

Kr, and 83Kr in the troilite phase which are consistent with neutron

81 129

capture on 79Br, Br, and 828e, respectively, while a Xe excess re-

12

sults from 91 decay. A trapped gas component is strikingly evident in

the neon and argon data from the graphite phase of Odessa.
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I. INTRODUCTION

Due to their spectacular mode of arrival on earth, meteorites
have always been objects which have generaited curiosity, The scientist's
Interest is piqued by the implications meteorites hold concerning the
origin and evolution of the solar system. It is the intent of this work
to uncover further clues from these objects, with the hope that it will
better our understanding of this complex topic,

Meteorites are classified into three macroscopic groups: ironms,
stony-irons, and stones. These three broad classes are further broken
into many finer divisions based on mineralogical and structural differ-
énces in the extraterrestrial material. Terrestrial samples have under-
gone extensive metamorphism during the earth's formation and subsequent
evolution, but despite their wide ranging differences, chemical and iso-
topic studies of meteorites indicate that at least some of the classes
have not developed beyond primitive stages. Thus meteoritic samples are
well suited for investigations attempting to at least partially unravel
the solar system's history.

The rare gases, helium, neon, argon, krypton, and xenon are of
particular interest in these studies. Their indigenous concentrations
are usually so low in meteorite samples that very small contributions
from in situ production processes may be detected. The chemical inert-
ness of these elements simplifies their physical behavior and aids in
their analysis, with the possibility of abundances being determined with

high precision in samples of less than a tenth of a gram. This is
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important since some extremely crucial meteorite classes comsist of only
a few members with little total mass.

For these reasons, the investigation of the inert gases in mete-
orites has produced an abundance of data. These data show that if the
isotopic composition of the inert gases varies slightly from the ter-
restrial, solar or cosmic isotopic abundance ratios, they tend to follow
predictable patterns caused by fairly well understood processes. However,
anomalous concentrations and isotopic results have been discovered which
do not fit these patterns. These results are crucial in that they may
represent surviving records of an early solar system period from which
modern theories and models of solar system formation may be derived.

A number of these isotopic anomalies in inert gases have been
found in stony meteorites, in particular, in a special subclass called
carbonaceous chondrites. The isotopic composition of the light rare
gases, helium, neon, and argon, have also been examined in a large num-
ber of iron meteorites. The heavy inert gases, krypton and xenon, on
the other hand, had only been studied in the metal phase of six iron
meteorites prior to this work, and all five inert gases in only three of
these. The object of this project was to determine the abundances and
compositions of all five inert gases, but especially krypton and xenon,
in a survey of iron meteorites of a number of different subclassifica-
tions.

One might wonder why krypton and xenon have not been measured in

a greater number of iron meteorites. Due to iron meteorites being



highly differentiated, the theoretical prediction is that the concentra-
tions of the heavy inert gases should be quite low, even if the parent
object had had a significant concentration. This is true not only for
krypton and xenon, but for the light inert gases as well. If there is
gas in iron meteorites, it is most likely to be formed as a result of
cosmic rays interacting with iron and nickel, since the gross composi-
tion of iron meteorites is about 90% iron and 10% nickel. Cosmic ray
protons will form gas by spallation, but since the spallation products
must be lighter than the target nucleus and krypton and xenon are
heavier than iron, only the heavy trace elements in these meteorites will
provide spallation targets for the production of those heavy inert gases.
Thus the likelihood is that there will be little imert gas from any
source, and that that does appear will be of normal cosmic ray compo-
sition. The low concentrations of krypton and xenon require melting
large iron meteorite metal samples to get detectable amounts of gas.
This involves considerable experimental difficulties.

On the positive side, ironmeteorites are known to be much more dif-
ficult to outgas than are stony meteorites, so if they formed by melting
under relatively large ambient gas pressures in a parent body, perhaps
they would not be totally outgassed. Secondly, the few meteorites which
have been examined were not the best candidates to show evidence for the
isotopic anomalies detected elsewhere. In this study the meteorites were
selected in general on the basis of low published cosmic ray exposure

ages so that the gas produced from that source would be kept to a



minimm. Gas from spallation will tend to mask any other gas compo-
nents, which are likely to be in low concentration if present at all.

By doing a large survey relative to that already published, it
was hoped that perhaps one or two unusual meteorites might show up. A
survey is unlikely to provide the precise data required to come to fund-
amental conclusions, but it can indicate those ineteorites which deserve
a more in-depth study.

Finally, the analysis made of mineral separates from the Odessa
iron meteorite represents only the second time one investigator has done
measurements of all five inert gases concurrently in metal, graphite,
and troilite phases of a single iron meteorite. Compiling data from
adjacent samples of different minerals can test formation theories of

the iron meteorites themselves.



IT. INSTRUMENTATION AND MEASUREMENT TECHNIQUES

A. Introduction

John Reynolds first described the design of a high sensitivity
mass spectrometer for noble gas analysis (Reynolds, 1956). The instru-
ment used for the present measurements was a Reynolds-type mass spectro-
meter with an all Pyrex glass vacuum envelope (Figure 1). Its small
volume can be baked at temperatures of approximately 300-325 °C to attain
the pressures necessary to measure extremely low abundances (124’ 126Xe
as low as 6 x 10'15cm38TP/g in iron meteorite metal samples). Pressures
as low as 2 x 10'11 mm Hg were obtained while the mass spectrometer-was
open to the ion pump. These pressures were measured with an ion gauge
in the regulated mode. Electrons flowing from the gauge's filament
ionized neutral atoms, and the resultant current to the grid is propor-
tional to the system's pressure.

Briefly, the instrument operates in the following manner: neutral
gas atoms which have been released from the sample by heating are ion-
ized in the source region by bombardment with electrons from a filament.
The ions are now collimated and accelerated by passing through a series
of slits in parallel plates with a voltage drop. The resulting ion beam
enters the field of an electromagnet where it is split due to the vary-
ing charge to mass ratio in the beam. Those ions whose charge to mass
ratio is such that they will enter the analyzer slit impinge on an ion
collector. The signal thus received is then amplified and recorded on a

strip chart.



FIGURE CAPTION

Figure 1. Schematic diagram of the mass spectrometer and the sample

preparation line used for these analyses.
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B. Focusing and Mass Separation Theory

If a charged particle enters a uniform magnetic field, and its
motion is perpendicular to the direction of the field, it will be acted
on by a force which is always at right angles to both the magnetic field
and the direction of motion of the particle. When such a particle is
traveling at a uniform velocity, this force will cause it to bend in a
circular arc. By equating the centripetal force to that due to the
magnetic field, one gets:

2

m;r» = quB IT. (U
where m = mass of the particle
v = velocity of the particle
T = radius of curvature of the circular arc
q = charge of the particle
B = magnetic field strength
This yields
v =2 IT. (2)

The velocity with which the charged particle enters the magnetic field
depends upon the voltage through which it has been accelerated in the
ion source. The kinetic energy of the ion is equal to the electrostatic

potential difference through which it has been accelerated, so that

Loy ?-

2

qv ' II. (3)

where m, q, v as before and V = accelerating potential »



or

_ 2qV
V——m—- II. (4)

Equating II. (2) and II. (4) and solving for q/m gives

g0

2V
= . IT. (5)
Ber

In a mass spectrometer r is the radius of curvature of the analyzer tube,
which for the instrument used in these analyses is 4.5 inches. In the
present measurements the accelerating voltage V was fixed at 2000 volts,
and the magnetic field strength B was varied to let different values of

g/m into the ion collector slit.
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C. Detailed Description of Qperation

The neutral gas to be measured énters the ionization chamber
after the valve separating the sample prepline and the mass spectro-
meter is opened. The electron beam of the ion source is produced by
electrons emitted from a tungsten filament. There is a potential dif-
ference of 75 volts between the filament and the ionization chamber
walls called the electron voltage. The escaping electrons cause an
emission current which is held constant by an emission regulator. The
emission current can be preset manually at different values to increase
the sensitivity of the mass spectrometer. For the iron meteorite metal
samples the emission current used for krypton and xenon was ten times
that used for the much more abundant helium, neon, and argon gases. The
ion gauge acts as a safeguard for the filament while in the regulated
mode in that if the pressure rises above 5 x 10~ % mm Hg in the gauge,
the filament current is shut off to prevent oxidation.

The electron voltage was maintained at 75 volts for all measure-
ments. For the inert gases, single ionization probabilities are much
higher than for multiple ionization at this voltage. However, at certain
masses the background abundances are high enough to warrant a correction
factor. This is the case for masses 20 and 22, where double ionization

40pr and CO, contributes to the 20Ne and 22Ne peaks, respectively,

of
After the ions are formed, they are accelerated and collimated
by passing through a series of plates with slits. As noted before, in

the present measurements this accelerating voltage was fixed at 2000volts.
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The 60° sector magnetic analyzer is an electromagnet with opposite
poles on either side of the analyzer tube. A magnet regulator and power
supply allow the field to be altered by varying the current through the
magnet coils up to 250 milliamps. This current will produce a field of
about 7000 gauss in the 7/16-inch gap between the poles. As seen from
the mass spectrometer equation earlier [equation II. (5)], increasing the
magnetic field strength increases the mass of the ions which will have
the proper orbit to enter the ion collector. Also, as the field strength
increases, the charge to mass ratios differ by less and less, making the
resolution at higher masses more difficult.

In the ion collector the resolved beam passes through a defining
slit and strikes the first plate of a nine stage electron multiplier
with beryllium-copper dynodes. At the conversion dynode the ions Dro-
duce secondary electrons which are focused and accelerated to the second
dynode and so on through the nine stages. The interdynode potentials
of approximately 200 volts are produced by passing a string current of
about 40 microamperes through a series of 5 megaochm resistors. These
potentials govern the amount of gain, magnifying the small ion current.
The gain of the multiplier used is about 103.

The last dynode collects all the secondary electrons and the
current passes to a vibrating reed electrometer. The emission of sec-
ondary electrons from the collecting dynode is suppressed 100% with an
electrode at -45 volts relative to the potential of the collecting

dynode. The vibrating reed electrometer derives its name from the input
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signal modulator, which is a capacitor consisting of one stationary and
one vibrating plate. The latter, called the reed, is moved through a
predetermined distance by an electromagnet, at a constant frequency, to
Create a cyclically varying capacitor. The result is an alternating
current output from the original direct current signal. The electro-
meter is capable of detecting currents as small as 10_15 amperes by
measuring the potential difference across a high value input resistor.
This input resistor's value was changed from 10g ohms for helium, neon,

012 ohms for greater sensitivity when measuring krypton

and argon, to 1
and xenon. The potential difference across the input resistor is

recorded on a strip chart for later readout.
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D. Sample Preparation and Melting

The iron meteorite samples which were analyzed were obtained
from a number of different sources (see Table 3). Unfortunately, none
of the samples received from elsewhere were large enough or fortuitous
enough to have large inclusions of graphite, troilite or silicate in
them, However, in the laboratory there was already a large piece of the
Odessa iron meteorite, and when it was cut in half » several large graph-
ite and troilite inclusions were discovered,

The bulk of the measurements were done on the metal phase of
the meteorites, These samples of approximately 2 to 4 grams were cut
by hand with a hacksaw from the initial piece provided. The roughly
3 gram sample size was predicated by the few previous examples of heavy
inert gas concentrations (especially the limiting isotopes of xenon,
masses 124 and 126) in such material, the ldwer cosmic ray exposure
ages of those meteorites being investigated here, and the practical
limitations for melting in the present system (see below). The fusion
crust was filed away from those samples on which it appeared. To re-
move surface contamination, the samples were placed in a solution of
half concentrated nitric acid and half water in an ultrasonic cleaner
for about 30 seconds. They were then placed in acetone in the ultra-
sound for about 30 seconds, weighed and stored in a vacum dessicator,

The samples of graphite and troilite from the Odessa meteorite
were obtained by slow, careful excavation of the individual inclusions.

The troilite and graphite inclusions were often adjoining, which made
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perfect separation virtually impossible, The material from the troilite
inclusions was separated magnetically into two aliquots. The non-
magnetic portion had a much greater percentage of graphite and impuri-~
ities than did the magnetic sample. The graphite mined from the inclu-
sions was washed in nitric acid to remove metal and troilite contamina-
tion. Another graphite sample was obtained by dissolving the sawings
from the initial cut through the meteorite in a combination of hydro-
chloric and nitric acid. Since the cut passed through several graphite
inclusions, the sawings contained a significant amount of graphite
which was recovered,

The iron meteorite metal samples were loaded in a side arm of
the preparation line as shown in Figure 1, Both the mass spectrometer
and the sample preparation line have hoods which can be lowered over
the glassware of the system. The glassware and samples can be baked out
to remove contamination and background gases by means of variable trans-
formers and heating elements under these hoods. The bakeout tempera-
tures and durations were approximately 300 °c for two days for the iron
meteorite metal samples. In this time the pressure in the system was
successively lowered by using first a mechanical fore punmp and then a
large charcoal trap at liquid nitrogen temperatures. When the pressure
fell below 5 x 10 —4mm Hg, the charcoal trap was isolated from the sys-
tem and the ion pump was turned on.

The graphite and troilite samples were put in a sample arm of

the preparation line which was above the hood, since a significant
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portion of their inert gases could be lost at temperatures of 300 °c
over a two day period, Instead, the glassware enclosing these samples
was wrapped with heating tapes and baked at approicimately 100 °C for the
two days,

The mass " spectrometer did not require baking out as frequently as
the preparation line since the valve connecting the two was closed
before opening the system to air to load samples or make repairs.
However, repairs on the filament and mass spectrometer did necessitate
occasional bakeouts. This requires moving the magnet and the vibrating
reed electrometer and readjusting them for the proper focus when oper-
ating pressures are _agéin reached.

There are a number of experimental problems involved in the
inert gas analysis of iron meteorite metal samples. First of all, the
usual molybdenum crucibles used in the melting of lunar and stony mete-
orite samples camnot be used without modification. When one approaches
the melting temperature of the metal (roughly 10% nickel, 90% iron),
the metal will alloy with the crucible, and it will all melt. This is
true for other types of metal crucibles as well. A mumber of alternate
melting schemes were investigated. Since it is paramount to have ex-
tremely low background gas abundances, crucibles of graphite and other
notoriously gassy possibilities must be discarded. The first alterna-
tive tested was the use of silica crucibles, which have the advantages
of being readily available and the ability to be outgassed very well.

Unfortunately, the silica crucibles always ruptured upon the remelting
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of samples, no matter how carefully or cleverly the remelting was done
or the crucible was shaped. A second method examined was to coat the
inside of the molybdenum crucible with zirconium oxide. After slow
sintering this coatingprevents alloy formation (Schultz et ‘al., 1971)
with the molybdenum, However, this coating is very difficult to outgas
and, although successful for the 50-100 milligram samples needed by
Schultz ‘et al,, dropping 3 gram iron meteorite samples into the crucible
caused the protective coating to flake off.

The classic technique used in most cases to investigate the
light noble gases in iron meteorites is to use an alumina crucible in-
side of a molybdenum crucible. The 10 milliliter Coors alumina crucible
used for the present analyses can withstand temperatures of 1900 oC, but
its drawback is again the difficulty in outgassing. This is of much
greater importance in the study of krypton and xenon than in helium,
neon, and argon and the only solution seemed to be extremely long out-
gassing times at temperatures above the melting point of the metal.
Heating at about 1800 °C for approximately 50 hours brought down the
background blank gas values, but also brought up another serious experi-
mental problem: The high temperatures required for thorough outgassing
of the crucible and samples.

Quite a mumber of furnace designs were tried. The two main dif-
ficulties are the prolonged heating at high temperature and the large
sample size required due to the low gas concentrations, Even after the

crucible is well outgassed, a sample requires heating to at least
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1600 °C for it to be totally fused, Since the furnace is glass, this
places a large strain on the system, The vacuum in the instrument will
pull on the glass when it becomes hot enough to flow, The two most
successful furnace designs are shown in Figures 2 and 3, These repre-
sent the end result of months of experimentation and inmumerable fail-
ures, The immer sleeves surrounding the crucible and supportihg it
in Figure 2 are made of quartz Vycor glass, which is necessary at these
temperatures and protects the exterior vacuum envelope. The exterior is
also Vycor in the region of the external radio frequency héating element
(see below), but grades into Pyrex for easier reworking and sample load-
ing. The water cooling cup helps lower the glass temperatures below the
coil, The samples are guided by a magnet until directly above the
crucible at the top of the furnace and then released.
The furnace in Figure 2, while successful for a number of sam-
‘ples, did not fully solve the heat problem and did not begin to deal
with the problem of the large sample size. The samples, when fused,
coated the exterior walls of the furnace with metal. In addition to
this metal heating the exterior walls, it built up after just two or
three samples to the point where new samples could not get through to
the crucible., There is a difficult trade off here: if one protects the
exterior wall of the furnace by extending the inner sleeve higher, then
the volume to which the metal can be deposited is lessened, making it
‘Ampossible to do many samples before clogging the furnace, This prob-

lem is obviated in analyses of only helium, neon and argon, because
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FIGURE CAPTIONS

FIGURE 2. Schematic diagram of the furnace melting system used initially

for iron meteorite metal samples.

FIGURE 3. Schematic diagram of the final and most successful furnace

melting system used for iron meteorite metal samples.

FIGURE 4. Schematic diagram of the furnace melting system used for the

mineral separate samples from the Odessa meteorite.
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samples of only about 200 milligrams are needed (e.g.; Fisher and
Schaeffer, 1960; Voshage and Feldman, 1978). It also happened that
some of the samples did not land directly in the alumina crucible,
which was umobservable due to the deposited metal., Some of these sam-
ples rested on the lip of the alumina crucible and upon melting alloyed
with the molybdenum, while others were only partially outgassed.

An attempt to solve these problems and better deal with the
high temperatures is shown in Figure 3. Here, to combat the heat prob-
lem, the water cooling jacket extends throughout the entire heating
region. Since the jacket is a closed loop, more water can be forced
through the system to provide better cooling. Also, the inside wall of
the cooling jacket has been thinned so that the temperature gradient
across the glass is lessened, again improving cooling efficiency. It
is possible with this design to build the entire furnace from Pyrex
glass except for the quartz Vycor holder in which the crucible rests.
Besides reducing cost and simplifying reworking, this eliminates the
need for graded seals from Pyrex to Vycor, which were a continual source
of glass failures and leaks.

In an effort to reduce the uncertainty of the samples making it
to the crucible, a sliding sleeve with a counterweight was added. By
raising the weight with a magnet, the sleeve was lowered until it rested
on the crucible. A small bar on top of the sleeve could be manipulated
with the magnet so that the opening at the top of the sleeve correspond-

ed to the opening from the sample loading line. Once the sample was
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guided to the top of the sleeve by the magnet, it was constrained to
fall in the alumina crucible.

This design solved many of the difficulties associated with the
large samples, but there was still the unavoidable buildup of residue
from the fused samples., However, with the sleeve as a guide, the sample
was prevented from being caught in the residue as some of the previous
samples had been when simply dropped from above the crucible. Also, low-
ering the sleeve acted as a sort of "battering ram' which kept the resi-
due restricted to i:he wall of the crucible holder. Nevertheless, after
approximately six samples it was necessary to open the system and clean
it out, due not only to the fused residue, but also because the back-
ground gas levels began to seriously interfere with the accuracy of the
measurements at this point.

Although the effectiveness of this design in improving cooling
and reliability cannot be overemphasized, it does have the drawback of
increasing the distance from the radio frequency heating element to the
crucible and sample., This increased distance reduces coupling, which
necessitated a coil with a greater number of turns and required in-
creasing the output from the power supply to fuse the samples. Also,
the glassblowing expertise required to build a furnace of this design
is considerable,

For the graphite and troilite samples the problem of alloy
formation with the crucible does not apply., Because of this, the fur-

nace design and system set up used for lunar sample analysis could be
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adopted. In these instances the alumina immer crucible was not required.
Without this inner crucible, the molybdemm crucible could be built with
a smaller diameter. This reduces the total diameter of the furnace and
thus a smaller induction heating coil and less power are needed. More
important, however, is that outgassing was much easier with so much less
molybdemum and no alumina to trap gas. This furnace design is shown in
Figure 4,

The graphite and troilite samples had much greater concentra-
tions of the inert gases (see Table 3), so their sample size was on the
order of 90 milligrams. Since these samples involve loose material,
they were wrapped in small pieces of alumimum foil, The alumimm foil
is known to have negligible amounts of the inert gases. These samples
could not be maneuvered about directly with a magnet as could the iron
meteorite metal samples, so two tacks were also loaded with the samples.
The tack in the sample loading line above the hood could be moved to
direct the samples down near the crucible. The other tack was used at
this point to push the sample into the molybdenum crucible. A Vycor
"funnel", similar to the one in Figure 4, cannot be used to direct the
metal samples because the bottom opening would rapidly become clogged
with fused residue,

Once the sample had been put in the crucible, it was fused, and
the gas released, by radio frequency heating with an external coil,

An alternating current passes through the copper coil surrounding the

furnace, This current has an alternating magnetic field associated
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with it from Ampere's circuital law, From Faraday's induction law this
changing magnetic field induces an electric field in the region of a
conductor, here both the molybdemum crucible and the iron meteorite
sample itself, The electric field induced sets conduction electrons in
motion, generating heat by eddy currents. - The crucible was heated
to approximately 1700 °C for fifteen minutes. In the cases where it was
possible to see the sample melt, melting was completed within six min-
utes. Maintaining the maximm temperature for fifteen minutes was done
only as a precaution to insure that the sample was entirely fused.
During the heating phase, the gas was exposed to a titanium-zirconium
getter heated by a resistance furnace to about 900 °C. The Ti-Zr getter
removes hydrocarbons and other contaminants by reacting with them.
Following the heating, the gas was allowed to equilibrate for
ten minutes while the radio frequency power supply cooled down. At this
point the evolved gas was confined to a small portion of the sample
preparation line by two high vacuum valves, one to the ion pump and the
other to the remainder of the system. At the end of the ten minutes the
resistance furnace around the Ti-Zr getter was turned off , and hydrogen
removed from the system by being absorbed into the Ti-Zr alloy. Imme-
diately after turning off the resistance furnace, a Dewar with liquid
nitrogen was placed around a charcoal trap and the valve to the remain-
der of the preparation line opened, The system was now filled for the
most part with the jinert gases helium, neon, argon, krypton, and xenon

from the sample and small background amounts of these and other gases,
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A charcoal trap acts as a very efficient absorber of the heavy inert
gases argon, krypton, and xenen at the liquid nitrogen temperature of
180 °Cc. After a period of 45 minutes these gases were frozen onto the

charcoal and measurements of the helium and neon isotopes could begin.
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E. Inert Gas Measurements

The mass spectrometer was closed off from the sample prepara-
tion line and open to the ion pump prior to admitting the helium and
neon portions of the sample. To determine the rate at which 4He dif-
fuses through the glass walls of the mass spectrometer during a meas-
urement, the linear increase of 4He was monitored for approximately
five minutes with the mass spectrometer isolated (both the valves to
the sample preparation line and the ion pump closed). The amount of
4He in the sample was later adjusted by subtracting the diffusion com-
ponent and the value of 4He vhen the sample was admitted. These and
other corrections were incorporated into the computerized data reduc-
tion program.

The mass spectrometer was operated in the static mode where the
valve to the ion pump was left closed during the sample analysis. The
ion gauge grid was floated after the ion pump was closed off from the

system to prevent pumping effects from ion implantation into the glass

walls.
1) Helium and Neon

While on the 4He peak due solely to diffusion, the valve between
the sample prepline and the mass spectrometer was opened to admit the
helium and neon gas from the sample. The millivolt signals of 3He, 4He,

20 21

Ne, “"Ne and 22Ne were measured following the equilibration of the gases in

the mass spectrometer. At least six peaks of each mass were recorded,
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usually in two groups of three, where the two groups of three were sep-
arated by a significant time interval. These time-peak height data sets
allow the signal to be extrapolated back to the time at which the gas
was admitted into the mass spectrometer.

Peaks of three other masses were also measured since they con-
stitute corrections to the peaks of the inert gas isotopes. These

masses were 18, 40, and 44. Mass 18 is predominantly H2160, and assum-

160/ 18 of approximately

ing H2160/H2180 is equal to the isotopic ratio
1/500, then 1/500 of the 18 peak equals the amount of H,'%0 which will
contribute to the mass 20 peak. Also contributing to the 20 peak is

40Ar. Although most of the 40Ar will have been absorbed

doubly ionized
on the charcoal at liquid nitrogen temperatures, a small equilibrium
amount will appear in the system. It has been experimentally determined
that for this mass spectrometer 40Ar++/40Ar+ is approximately 1/6, so
that 1/6 of the mass 40 peak will appear at mass 20. A small amount of
mass 44, essentially all COZ’ also appears in the system during the
helium and neon measurements. In the mass spectrometer it has been
found that C02++/C02+ is approximately 1/70, so that 1/70 of the mass 44
peak will appear at mass 22.

The contributions to the 2()Ne and 22Ne peak heights due to the
concentrations of masses 18 and 44 were always less than 0.1% of the
total ZONe and 22Ne abundances, respectively. The correction of 20Ne

due to 4OAr was usually less than 5% of the 20Ne concentration.
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2) Argon, Krypton, and Xenon

After measuring the helium and neon isotopes and those masses
required for corrections, the valve between the sample preparation line
and the mass spectrometer was closed and the valve to the ion pump was
opened. The liquid nitrogen was taken from the charcoal trap and re-
placed by hot water (about 60 oC) so that while the mass spectrometer
was evacuated, the heavier inert gases argon, krypton, and xenon equil-
ibrated in the sample prepline.

After waiting thirty minutes, the valve from the mass spectro-
meter to the ion pump was closed, mass 40 was found to record the very
small amount of background 40Ar still remaining in the mass spectrometer,
and the valve from the sample preparation line was opened to admit the
argon, krypton, and xenon isotopes. Argon isotopes 36Ar, 38Ar, and 4O.Ar
were measured in the same manner as the heliﬁm and neon isotopes were,
following the equilibration of argon in the system.

Both the input resistor and the emission current were increased
to the levels discussed earlier following the completion of the argon
measurements. After allowing ten minutes for the system to equilibrate,

78 SOKr, SZKT, 83Kr, 84 86

129 130

Kr and
134

Kr, and
131 132

peaks of krypton isotopes
124 126

Kr,

128

Xenon isotopes Xe, Xe, Xe, Xe, Xe, Xe, Xe, Xe,

and 13%e were recorded.
This procedure was followed for all the iron meteorite metal
samples, However, for the Odessa mineral separate samples of graphite

and troilite, the krypton and xenon gas concentrations were such that
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eyen with the much smaller sample size, increasing the emission current
was no longer necessary, The input resistor was still increased from

10° to 1012 ohms.

3) Blank Runs and Calibrations

The mass spectrometer and the sample preparation line always
contain a small amount of background gas from previous samples or gas
trapped in the crucible or glass. Before each sample run this gas was
analyzed by performing blank runs where all procedures were exactly the
same, except that no sample was admitted to the crucible. This back-

- ground signal must be subtracted from the total signal found during the
sample measurements. For some rare gas isotopes, such as 3H’e, the back-
ground gas was completely negligible in the present analyses, but for

78

isotopes such as '“Kr, where hydrocarbon interference often constitutes

well over 90% of the signal, the background gas measurements were
crucial.

To obtain the inert gas concentrations in the samples in the
units of cmssTP/gfam5'the'sensitivity of the mass spectrometer must:
be determined in umits of millivolts/cmSSTP. This was.done by admit-
ting accurately known amounts of 3He, 4He, 2ONe, 4OAr, 84Kr, and 132Xe
to the system and measuring the resulting signal. The gases were intro-
duced to pipettes in the calibration standards (see Figure 1), then
released to the entire system, The volumes and typical sensitivities

used are listed in Table 1,
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...................... TABLEL
. 3
q : Sensitivity = (mv/cm’STP)
Mass Standagd Volume Iron Samles Mineral Separate
............. (cm” sTP) ~ Fom S . Samples

e 8.943 x 10”8 7.463 x 10° 7,674 x 108

e 3.166 x 107/ 7.173 x 108 7.506 x 10%
2050 1.150 x 1077 1.194 x 10° 1.230 x 10°
40,y 2.475 x 1077 4.236 x 10° 4.484 x 10°
845y 8.390 x 10710 4.266 x 1013 6.715 x 1012
132yo 3.940 x 10710 4.555 % 1013 | -7.070 x 102

Due to design alterations, calibration runs were done for each
set of samples analyzed with the instrument in a particular configura-
tion, so that the sensitivities varied slightly. A small volume cor-
rection factor was also required due to having the valve to the stand-
ards open during a calibration measurement, whereas during sample and
blank runs it is not. Masses 21 and 22 are measured less sensitively
than mass 20 due to mass fractionation, so the sensitivities of these
masses were obtained by dividing the sensitivity of mass 20 by experi-
mentally determined fractionation factors: 1.005 for mass 21 and 1.01
for mass 22. It was determined experimentally that for the isotopes of
argon, krypton, and xenon, fractionation factors were not required, so
that the sensitivity of the one isotope measured of each served as the

sensitivity for all the isotopes of that gas.
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As a final correction, a broad background peak at mass 80 was
observed when large amounts of argon were introduced into the mass
spectrometer. This background peak could either be due to Ar2+ mole~
cules or to charge exchange '(Ar++---+ Ar+) between the ion source and the

magnetic analyzer, This background interference was only significant

40

when the total gas concentration (blank plus sample) of the "Ar peak

7 3

exceeded about 4 x 10°' cm” STP. This was true for seven of the fif-

teen meteorites analyzed: Arispe, Bohumiltz, Butler, Cedartown, Dayton,
Sierra Gorda, and Tawallah Valley.

To calculate the adjustment necessary to correct for this addi-

80Kr peak, accurately known amounts of 40Ar were released

tion: to the
into the mass spectrometer from the calibration reservoirs while mon- -

40

itoring the mass 80 peak height. A plot of the “VAr concentration

versus the mass 80 peak height yielded the following second order cor-

rection equation:

80
Arpeak height (mv) ]

II. (6)

_ i -4 40
KT orrection (V) = 6.8818 - 2.3636 x 107% [

-6 40 2
+3.2x10 7 [ Arpeak height (mv) ]

This correction factor was determined using the total signal from mass

40, so that the final 80y signal from the sample equaled the total mass

80 signal minus the correction factor minus the blank mass 80 signal.
This correction was done on all the samples, but only on the

seven meteorites listed did it alter the 80Kr concentration appreciably.
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Despite this correction, the combination of a large 40,/\1* peak and a

large 80Kr peak in the Arispe, Bohumiltz, and Dayton iron meteorite sam-

ples make their final 80

Kr concentrations questionable., In these three
cases the very broad background interference made the peak height deter-
minations difficult. Because of this, calculations and results using

the 80

Kr concentrations are marked with an asterisk in the data tables
for these meteorites,

To give some idea of the relative concentrations of the inert
~gases in a blank versus a sample, a comparison of the two is shown in
Table 2 for the Babb's Mill meteorite. The Babb's Mill iron sample was
. chosen as an example because it has relatively low inert gas concentra-
tions (see also Table 3). As a result, the percentage of the net
sample signal (colummn 3) that the blank concentration in column 2 repre-
sents is nearly the maximm value seen for any of the analyzed samples.
The background gas played the largest role by far in the case

of 78

Kr, as mentioned earlier. The hydrocarbon background gas from
C6H6 constituted at least 70% of the total signal, and often the contri-
bution was over 90%. The C6H6 problem is not uniquely restricted to the
mass spectrometer used for the present amalyses, but is a widespread
bane of krypton measurements in mass spectrometry. The benzene molecule
is very easily formed from C- and H- containing compounds in the ion

source, The only technique to successfully deal with this problem is

high resolution mass spectrometry.
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TABLE 2
COMPARISON OF BLANK TO SAMPLE SIGNAL
FOR THE BABB'S MILL METEORITE

Mass Blank C0131centration o a:%tp <1)§ gijg:na .
(cm™ STP)
3te 6.31 x 1077 1.6
e 1.82 x 1077 10.0
20e 7.00 x 1072 25.0
e 7.69 x 10711 1.9
22y 7.74 x 10710 14.0
30pr 8.74 x 10710 6.7
e 5.72 x 10710 3.9
405y 1.61 x 1077 13.0
78y 1.41 x 10712 96.0
80y, 5.59 x 10713 20.0
82y 1.73 x 10712 11.0
83y 1.53 x 10712 10.0
8r 7.48 x 10712 10.0
86 2.26 x 10712 10.0
T24xe 9.39 x 10715 6.9
1264, 9.32 x 10°1° 4.7
128

&

1.84 x 10713 8.2
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TABLE 2

(Continuation)
e Blank Corstlcentration % of Net

(cm™ STP) | Sample Signal
129y, 1.19 x 10712 3.9
130y, 2.21 x 10713 5.1
131y, 1.01 x 10712 4.1
132y, 1.40 x 10712 4.5
134, 5.25 x 10713 4.2
136y, 4.69 x 10713 4.4
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The correction for blank concentrations was next most signifi~
cant in the case of ZONe, where the atmospheric background is large and

the spallation produced gas is relatively small, This correction was

22 40

usually on the order of 20 to 25% of the total signal, Ne, "Ar, and

80Kr have blank concentrations ranging from 10 to 20% of the total sig-

nal, while 4He, 82Kr, 83Kr, 84

For 36Ar, 381-‘\1* and all the xenon isotopes, the background gas repre~

Kr, and 86Kr were approximately 5 to 10%.

sented less than 5% of the total signal, while the strongly cosmic ray

3

produced nuclides, “He and 21Ne, rarely had corrections of more than

1 or 2%.
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F. Calculations and Error Analysis

The height of the peaks of each mass were measured, as was the
time at which the measurement was made after the gas had been initially
admitted to the mass spectrcmeter (time = 0). These time-peak height
data sets, combined with the range of the signal in millivolts, allow a
linear least squares fit to be performed. The net signal in millivolts
for a given mass in a blank run is obtained by the extrapolation of the
mass's least squares line to the time t = 0, minus all corrections due to
interfering non-inert gas contributions or diffusion through the glass
in the case of 4He. The error in an isotope's signal in a blank run is
due to the linear least squares fit, and one standard deviation is the
error quoted for the signal.

Generally speaking, there are the following sources of noise in
the measurements: 1) ionization fluctuations in the ion source, 2) in-
stabilities in the accelerating voltage and the magnet current, 3)
the multiplier, 4) the preamplification portion of the electrometer, and
5) the main amplification system and the strip-chart recorder. Studies
of these sources vhave shown that 90% or more of the noise comes from
the multiplier and the resistor of the electrometer. The multiplier
was therefore operated well below its maximm gain. From the point of
view of peak-to-noi'se ratio, the best way of increasing the sensitivity
of this mass spectrometer is to increase the emission current of the ion
source, but this has the disadvantage of reducing the filament's lifetime.

As a compromise, the emission current was increased somewhat, but most
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of the increased sensitivity was obtained by increasing the electro-
meter's resistor,

In a calibration, one seeks the sensitivity in millivolts/anSTP.
The millivolt signal and its error are determined as for a mass in a
blank run. The standard's volume, the volume of the pipette to which
the standard is admitted before it is released into the prepline and mass
spectrometer, has an error of 1%. The error in the sensitivity therefore
combines these errors by the suitable propagation of error formula.
The resulting errors in the sensitivities at each mass are actually one
standard deviation upper limits since the different sources of error are
assumed to be uncorrelated.

Finally, the gas concentration of the sample is cbtained for

each isotope by:

crnSSTP) _ [mv signal (sample) — mv signal (blank)]
= .

rgv ) x sample weight (g)
cm™STP
II. (7)

gas concentration (:

sensitivity (

The error in the millivolt signal of an isotope in the sample is found
as for those in the blanks. Instrumental (i.e. balance) umncertainties
provide the error in the sample weight. The error in the gas concentra-
tion is found by again combining all errors using the propagation of
error technique and assuming uncorrelated sources of error,

It is often useful in the study of inert gases in meteorites .to

determine various isotopic ratios. These ratios are reproduced in
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Tables 3 through 7, and their error properly combines the errors in the

individual gas concentrations of the isotopes involved.



Til, RESULTS

The data from these experiments are presented in Tables 3
through 7, In Table 3 an alphabetical meteorite-by-meteorite compila-
tion of data is made, First the sample mumber and source are cited.
The structural and chemical classifications of the meteorites are from

the ‘Haridbook ‘of 'Iron Meteéorites (Buchwald, 1975) , and the various de-

terminations of the cosmic ray exposure age are as referenced, Also
listed is the sample mass fused during the experimental procedure.
Tabulated in umits of c:m38'I‘P/ g is the concentration of one isotope of
each of the five inert gases, and with them are the isotopic ratios of
interest, Besides the error estimates, determined as reported in the
previous section (II, F.), the data from all prior inert gas investiga~-
tions on each of the individual meteorites are also listed. These com-
parison data are found only for the light inert gases helium, neon, and
argon since the present experiments yielded the first krypton and xenon
data for any of these meteorites as far as metal samples are concerned.
The data obtained from the various graphite and troilite samples mined
from the Odessa inclusions, and recovered from sawings, are also pre-
sented following the Odessa metal sample results.

In Table 4 the helium; neon, and argon isotopic ratios are com-
piled for each of the fifteen meteorites analyzed in this work, the five
iron meteorites for which prior krypton and zenon data were available,
and cosmic ray spallation, solar wind, and atmospheric values, The data

for the' Costilla Peak meteorite are from Munk (1967a), Carbo and Misteca
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from Munk (1967b), and Xiquipilco and Cape York from Hemnecke and Manuel
(977), The atmospheric ratios are taken from Eberhardt ‘et ‘al. (1965)
and Nier (1950), and the solar wind data are from Eberhardt et ‘al.
(1970), The spallation values are averages of prior inert gas measure-
ments. in iron meteorites that investigators reported as having "normal"
cosmic ray produced isotopic ratios, For the 4He/sHe ratio this involv-
ed ayeraging 173 measurements; 20Ne/ZZNe and 21Ne/ 22Ne, 127 measurements;
36Ar/3,8Ar, 91 measurements (Fisher and Schaeffer, 1960; Signer and Nier,
1962; Bauer, 1963; Hintenberger and Wanke, 1964; Lipschutz ‘et ‘al.,

1965; Munk, 1967a,b; Schultz and Hintenberger, 1967; Hintenberger et al.,
1967; Hennecke and Manuel, 1977; Voshage and Feldman, 1978).

In Tables 5 and 6 the krypton and xenon isotopic ratios are com-
piled for the same meteorites as in Table 4, respectively. Here the
atmospheric values for krypton are from Hennecke and Manuel (1977), and
the solar wind spectrum is from Eberhardt et al. (1970). The spallation
values were calculated by Munk (1967b) and will be discussed further in
section IV. C. The errors in the isotopic ratios are not reproduced in
Tables 4 through 6 for clarity and compactness. Those error measure-
ments are listed with the individual results for each meteorite in Table
3. As discussed in section II. E., the 80Kr concentrations in Arispe,
Bohumiltz, and Dayton are questionable, and the 80Kr/ 84Kr ratios for
these meteorites are therefore marked with an asterisk in Tables 3 and 5.

Table 7 presents the. jnert gas isotopic ratios in the three

different phases measured (metal, graphite and troilite) of the Odessa
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meteorite. The data from the non-magnetic "troilite" aliquot was not
included in the table since it had a much greater percentage of impuri-
ties in it. Also, the analysis of the graphite recovered from dissolv-
ing sawings was excluded for reasons which will be discussed in section
IV. E. Again, the errors in the isotopic ratios may be found by refer-
ing to Table 3.

Also listed in Table 7 is the data from the metal, graphite,
and troilite phases of the Deelfontein iron meteorite (Fireman and
DeFelice, 1968), the only other meteorite to have been so analyzed.
The authors listed no krypton concentrations for the metal and the
graphite phases of Deelfontein, and reported the ratios only as being

atmospheric within 10%.
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IV. DATA INTERPRETATION
A. Sources of Inert Gases in Iron Meteorites

The components of the inert gases in meteorites are convention-
ally organized into four broad categories: radiogenic, fissiogenic,
spallogenic (or cosmogenic), and trapped. The components belonging to
the first three categories are nucleogenic; that is, they originate in
the nuclear processes of radioactive decay, fission, high energy spal-
lation, and neutron capture. Trapped gas is usually the designation
given to inert gas components in which contributions from in situ nu-
clear processes are either absent or have been corrected for. Of course,
the atoms of trapped gas ultimately come from nuclear processes in stars.

Some of these inert gas sources will be briefly reviewed here,
but in the discussion of individual meteorites more careful analysis
will be given of possible production mechanisms. It is important to
remember that the siting and elemental composition of any sample is cru-

cial to its inert gas abundances and isotopic spectrum.

1) Radiogenic Components

Radiogenic 4He will be produced in iron meteorites by the decay

238U 235 232’I‘h

of s U, and

238 205 4 9

U Pb + 8 "He t, = 4.47 x 107 yr
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235 207 4 8

U Pb + 7 'He t, = 7.04 x 10" yr
2
2327 5 208 4 6 e t, = 1.40 x 1010 yr

(i

where t% indicates the half life of the original nucleus. The abun-
dances of uranium and thorium in iron meteorites have only been deter-
mined for a handful of metal samples. The concentrations measured were
extremely low, so the difficult analysis has not been widely undertaken.
Bate et al. (1958) found the thorium abundance in two iron meteorites to
be less than 10_2 parts per billion. Morgan (1971) estimated the con-
centration of uranium in the metal phase of iron meteorites as between

Land 1073

10° parts per billion based on a review of the uranium data.
Although there have been investigators who have reported possible radio-
genic 4He components in their helium data (Lipschutz et al., 1965;
Schaeffer and Fisher, 1959), in general this component provides a neg-
ligible contribution to the total helium concentration because of the
large amounts of 4He produced by other processes.

Another inert gas isotope which may be the result of radioactive

decay is 4OAr. Radiogenic 40Ar will be produced from electron capture
by 40K 11.2% of the time. The other 88.8% of the time 40K decays to
40

Ca by 8 emission, where the combined half life for these two proces-

ses is 1.28 xth9 years. Unfortunately, atmospheric contamination is a

pr. schultz et al. (1971)

40Ar from the metal phase of

very serious problem in the analysis of
determined an upper limit on the amount of

three iron meteorites which could be due to a radiogenic component.
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These upper limits were on the order of 2% or less. In most studies of

40

iron meteorites the ~Ar data is discounted because of the possibility of

atmospheric argon having been adsorbed by the sample.

129 12

Radiogenic Xe from the decay of 91 (t; = 1.59 x 107 years)
2

was first detected by Reynolds (1960) ina stony meteorite, Richardton.

1ZQXe has since been seen in many types of meteoritic samples,

Excess
and Mmk (1967a,b) measured an excess in iron meteorite metal samples

which he attributed to this same radiogenic source.
2) Fissiogenic Components

Some of the heavy isotopes of krypton and xenon may be produced
by fissioning nuclides. Wetherill (1953) measured the relative sponta-
neous fission yields of these inert gases from uranium and thorium.

He found the following two spectra for the spontaneous fission of 238U:

83kr: 84r: 88 = 0.048: 0.159: = 1.00
and
131xe: 13%xe: 13%%e: 1306 = 0.076: 0.595: 0.832: = 1.00
The possibility that xenon from the spontaneous fission of
244

Pu may be detectable in meteorites was first suggested by Kuroda
(1960), and the first fission-like anomalies attributed to the decay of
244Pu were seen in the Pasamonte meteorite in 1965 (Rowe and Kuroda).

The mass spectrum of xenon from spontaneous fission in a laboratory
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44

sample of 2 Pu was determined by Alexander et al, (1971). The yield

was precisely what meteoriticists had predicted it would be:

131 132

Ye: 134

136

Xe: Xe: Xe = 0.251: 0.876: 0.921: = 1.00

The krypton yield from 244Pu is not as well known. It has been esti-
mated by Hohenberg et al. (1967) that (SOkr/136xe) £ = 0.0025.

3) Cosmogenic Components

Galactic cosmic rays consist primarily of protons (about 85%)
with the remainder made up of alpha particles, stripped nuclei of higher
atomic numbers, electrons, and gamma rays. They are believed to be iso-
tropic, to have remained constant for at least the past 109 years and to
have originated in supernovae. This high energy radiation (approxi-
mately 500 MeV to 100 GeV) produces inert gases by spallation. The inci-
dent protons strike target nuclei which will produce secondaries of high
energy. The resultant cascade can produce all nuclei lighter than any
of the target nuclei, but generally the greatest yield is at nuclei with
mass similar to, but below, the target nucleus in combination with very

3H, 3He, 4He, etc. These light parti-

light particles such as p, n, ZH,
Cles are boiled off the excited target nuclei.

From this discussion it is clear that the elemental composition
of the irradiated sample will determine which nuclei will be produced.
The producfion of a given isotope inside the meteorite will pass through

a maximm where the secondary cascade peaks, and then decreases due to
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the increased shielding in the meteorite, Since the incident flux that
a sample will be exposed to depends on its depth in the meteorite, the
elemental and isotopic spallation ratios will vary inside the meteorite.
The original locations of the presently analyzed iron meteorite samples
in the parent meteoroidare utmknown, and theories for deducing that posi-
tion are notoriously inaccurate.

The most easily detected cosmogenic nuclei in iron meteorites

are 3H’e, 21 38Ar, where the abundances of these isotopes are so

Ne, and
low in most other inert gas components that the cosmic ray compenent will
stand out. By correlating the inert gas measurements with the chemical
composition of the meteorite, production rates of these nuclei can be
established.

The cosmic ray production of nuclei in iron meteorites provides
alternative methods for deriving their irradiation exposure times. In
one method the observed abundance of a stable cosmogenic nuclide is
assumed to have built up at a constant rate over the exposure period,
and its rate of production is inferred from the radioactivity level of a
'cosmogenic radionuclide of similar mass. Several such combinations of
stable and radioactive nuclides may be used: 21N'e/26Al, 36Ar/36Cl,

SSAI/SQAr, and 41K/40

K. Another method involves using the abundance
ratios of several stable cosmogenic nuclei of different atomic masses as
indicators of the size of the meteorite and the position of the sample
within it. With this information the production rates of the isotopes

involved can be normalized and used to compute the exposure age.
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Cosmic rays are emitted during solar flares and are also primar-
ily protons. However, their energies are typically much lower (less
than 50 MeV), so although they may produce inert gases in iron meteorites
by spallation, their contribution to the total amount of gas is much

less, if not negligibly small.
4) Trapped Gas Components

The formation of iron meteorites is assumed to result from the
following sequence of events in the early solar system's history (Kelly
and Larimer, 1977): condensation, oxidation, and accretion in the pri-
mordial solar nebula, with melting, segregation, and fractional crystal-
lization in a parent body. It is probable that several distinct reser-
voirs within the solar nebula provided inert gases which became trapped
in the meteorite parent bodies during condensation and accretion. It
then becomes a question of whether or not these trapped gases will have
remained in the metal phase following the melting and segregation of
that phase in the iron meteorite parent body.

An inert gas component which would be presumably ubiquitous in
the primordial solar nebula, and therefore a strong candidate for a trap-
ped gas component in meteorites, would be a component typifying the solar
inert gas composition. The solar elemental and isotopic composition is
thought to be represented by the composition of the solar wind. The
solar wind consists of low energy ions, protons, electrons, and neutrons

vhich are continually streaming from the sum. Therefore, if one assumes
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that the present day solar wind inert gas composition is representative
of the inert gas in the primordial solar nebula, determination of the
solar wind composition may indicate the composition of a trapped gas
component in meteoritic samples,

During the Apollo missions a sheet of aluminum foil was exposed
- to the solar wind and returned to earth. From this foil the fluxes and
elemental and isotopic ratios of the particles making up the solar wind
were found (Geiss et al., 1972). While in space the meteorite parent
bodies can be expected to similarly trap solar wind ions. However, be-
cause these are low emergy particles, they will only be implanted in the
outer skin of a meteoroid. Therefore, an implanted solar wind component
could only be detected if a true surface sample could be found. This is
highly unlikely for meteoritic samples since ablation removes the outer
surface of the meteoroid during its passage through the earth's atmos-
phere.

Another inert gas component seen in many meteoritic samples re-
sembles that of the terrestrial atmosphere, at least suggesting a pos-
sible primordial trapped gas reservoir of that composition. However, it
has never been established conclusively that this composition occurs
anywhere but on the earth. Terrestrial-like inert gas components may
be non-indigenous and arise solely from atmospheric contamination.

Many other unusual inert gas components have been detected in
carbonaceous chondrites. These may represent trapped gas components

from direct stellar nucleosynthesis which have been heterogeneously
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injected into the early solar nebula, These compositions will be con-
sidered further as they arise in the subsequent discussion,

As a complicating factor, any of the above inert gas composi-
tions may also be altered by physical processes. This may disguise
the fact that two or more apparent components are not actually distinct,
but are related by mass fractionation. Such processes include diffusive
redistribution and loss of inert gases from solid bodies, space erosion
by sputtering andmass-dependent trapping mechanisms such as adsorption
and the previously mentioned ion implantation. Actual nucleogenic
components may be obscured by being separated from the radionuclides of
target elements from which they were produced and subsequent homogeniza-

tion with ambient gas prior to, during, or after trapping in solids.
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B. Helium, Neon, and Argon
1) Introduction

The helium content in meteorites was originally attributed to
the radioactive decay of uranium and thorium. However, when quanti-
tative measurements of the inert gases were made (Arrol et al., 1942),

a number of the derived ages were greater than the estimates of the age
of the solar system. It was then suggested by Bauer (1947, 1948a,b) and
Huntley (1948) that the meteorites may have been subjected to cosmic
ray bombardment while in space, and that this radiation may have induced
the production of helium. Paneth et al. (1953) showed that cosmic rays
did indeed produce measurable amounts of helium and that a depth effect
existed due to successively larger amounts of shielding inside the
meteorite.

This result stimulated further investigations into the inter-
action of cosmic rays with' meteoroids. Cosmic ray neon was first dis-
covered by Reasbeck and Mayne (1955), while evidence for cosmogenic
argon was reported by Gentner and Zdhringer (1957).

The realization that cosmic rays produced inert gases was impor-
tant to those studying iron meteorites because the inert gas composition
of iron meteorites can be expected to be dominated by such gas. Since
the iron meteorites are highly differentiated and are thought to have
gone through stages of melting and slow cooling, trapped gas is unlikely

to have remained present in large concentrations.
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In the cosmic ray bombardment of iron meteorites neon and argon
are formed as spallation products, but helium is produced primarily as
evaporated particles boiled off from excited nuclei. Since the concen-
tration of this cosmogenic gas is proportional to the length of time the
meteoroid is exposed in space, most studies of the light (i.e. helium,
neon, and argon) inert gases in iron meteorites have been aimed at deter-
mining their cosmic ray exposure ages. However, the interpretation of
the measurements is complicated by the possibility that the intensity
and energy spectrum of the cosmic radiation may vary with time and posi-
tion in space and that the size of a meteoroid may change gradually or
discontinuously. Also, included in the concentrations of the inert
gases may be unknown contributions due to gas of radiogenic or primordial
origin.

Nevertheless, deducing information concerning the cosmic ray
exposure history of meteorite samples from light inert gas data has been
the focus of a number of investigations (see Table 3). An extremely
important method of analyzing these results is consideration of those
correlations which appear in a diagram where the ratio of two cosmic ray
produced nuclides is plotted against the ratio of two others. When this
is done, the wide range of exposure ages and the uncertainties in the ab-
solute values of various isotope production ratios are eliminated for
samples of different meteorites. An example of such a plot is the
4He/ Bpr versus 3He/ 2lye correlation diagram derived by Signer and Nier
(1960, 1962). Based on the work of Martin (1953), Signer and Nier
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calculated and presented in the form of diagrams several functional rela~
tionships describing the spatial distributions of various cosmogenic
yield ratios in iron metecrites of different sizes. Schultz and
Hintenberger (1967) found similar correlations between the ratio pairs
3He/lee versus 4He/ 2lye ang 38Ar/ 2ne versus 4He/ 21Ne. They proposed

that a quantity called the "effective radiation hardness" can be deter-
mined for a sample which would characterize its location within the pre-
atmospheric meteorite. Combining this quantity with the theory of Arnold
et al. (1961), the energy spectrum of the particles producing the spallo-
genic gas can be estimated.

It has been found by the investigators above and by others
(Hintenberger and Wanke, 1964; Lipschutz et al., 1965) that while the
majority of iron meteorites fit into such a system of correlations, de-
viations from the pattern often occur. In an analysis of 15 iron mete-
orites, Schaeffer and Z&hringer (1959) and Fisher and Schaeffer (1960)
found only 7 of their samples followed the "normal spallation pattern
indicated by the correlation plots. When "abnormal™ behavior occurs for
a meteorite it is taken as an indication that the sample has suffered an
unusual irradiation history or that it contains an additional inert gas
component. Since the 15 iron meteorites presently analyzed were in gen-
eral selected for their low cosmic ray exposure ages, the presence of

non-cosmogenic gas is more likely to be detectable in them.
2) Correlation Diagrams

Recently Voshage and Feldman (1978) have interpreted the light
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inert gas data of 16 iron meteorites in terms of the trends suggested by
the various correlation plots mentioned in the preceding section as well
as plots used by other investigators, They found that 12 of their sam-

ples had relative abundances of the spallogenic inert gas nuclides which
could be completely described by a "primary correlation system" consist-

ing of six equations. Those six equations are:
Ste/*e = (0.152 * 0.002) + (34.1 * 0.7) C*rie/?lne) L . (1)

*He/>8Ar = (20.4 +1.9) - (2.68 * 1.1) x 1072 (*He/PINe)

* (4.45 *1.7) x 1077 e/ lne)? V. (2)
200e/2Ne = 0.937 *+ 0.010 V. (3)
22ve/?INe = 1.072 * 0.011 V. (4)
Onr/38ar = (0.795 * 0.03) - (0.82 * 0.18) x 1073 (*He/ZlNe)

+ (0.88 * 0.26) x 107° (*He/?lNe)? V. (5)
40A;r/ Bpr = £(T) where f is determined by the decay of spallogenic
40K into 4OAr during the cosmic ray exposure age T. IV. (6)

Assuming these six primary correlations it is possible to derive all
secondary correlations between ratios of the stable helium, neon, and
argon isotopes. Three of these secondary correlations have been impor-

tant in the study of the light inert gases in iron meteorites:
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Bar/PNe = (34.1 + 0.152 - *He/Zlne) / [20.4 - 2.68 x 1072 - *He/%lNe

+4.45 x 10™° « (*He/ ZlNe)z} V. (7)

Bpr/2 e = (Btie/PNe) / (28.7 - 0.307 + Ste/PNe + 1.92 x 1073 .
. (3He/21Ne)2] V. (8)

THe/Bar = -6426 - (Cre/*Ne)™L + 257 - 2.45 (te/Plne)
+0.013 - (He/“INe)? V. (9)

Figures 5 through 10 are plots of the correlations indicated by equa-
tions IV. (1), IV. (2), IV. (5), IV. (7), IV. (8), and IV. (9), respec-
tively. The solid curves are the trends Voshage and Feldman found for
12 of their 16 samples, and the error bars represent the errors given
for each equation.

Table 8 is a compilation of those same isotopic ratios for the
15 meteorites analyzed in this study and the two mineral separates from
Odessa. Since the error for a given ratio is quite similar throughout
the set of samples, only a single range of errors is tabulated for each
ratio. In general, the smaller the isotopic ratio, the smaller the
error. The data from Table 8 are plotted in Figures 5 through 10 and
labeled by meteorite according to the following symbols: Arispe (A),
Babb's Mill (BM), Bohumiltz (BO), Braunau (BR), Butler (B), Cedartown
(CT), Dayton (D), Duchesne (DU), Edmonton (E), El Burro (EB), Hoba (H),
Odessa (0), Odessa graphite (0G), Odessa troilite (OT), Sierra Gorda (SG),
Tawallah Valley (TV), and Tombigbee River (TR). In the corner of each
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figure 1is a typical one standard deviation error in the ratios for the
15 meteorite samples and the two mineral separates.

Although Voshage and Feldman found that their data for neon sug-
gested that the 20Ne/ 22Ne and 21Ne/ 22Ne isotopic ratios were constants
in iron meteorite metal samples (equations IV. (3) and IV. (4)), other
analyses show marked variations (e.g. Signer and Nier, 1962). Figure 11
is a three isotope correlation plot of the present neon data. This re-
presentation has proven to be a powerful technique in the resolution of
the neon system in a wide variety of meteoritic samples. Any mixture of
two independent components will lie on the line connecting the composi-
tions of the two components, and similarly, compositions resulting from
the arbitrary mixture of three components will lie within or on the peri-
phery of the triangle whose vertices are the compositions of the three
components. Shown in the figure is the averaged iron meteorite cosmo-
genic neon composition (Ne C) and mixing lines of Ne - with solar wind
neon (Neg ;5 Geiss et al., 1972), with the theoretical prediction of
pure 22Ne (Ne-E; Black, 1972) and with the atmospheric neon composition

(Ne_, 5 Geiss et al., 1972).

atn

3) Discussion

Easily the most striking feature of the Figures 5 through 10 is
the general disagreement between the experimental data of this work and
the predicted "normal" spallation pattern. Only the meteorites Arispe,

Bohumiltz and Duchesne show consistent agreement, and even they, like
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FIGURE CAPTIONS

The lines plotted on Figures 5 through 10 are those correla-
tions deduced by Voshage and Feldman (1978) (see text). Typical one
standard deviation errors in the measurements are indicated in the cor-

ner of each figure.

FIGURE 5. Plot of 3He/4He versus 4He/21Ne.
FIGURE 6. Plot of “He/>CAr versus “He/?INe.
FIGURE 7. Plot of 36Ar/38,!\:r versus 4He/21Ne.
FIGURE 8. Plot of 38A‘r/ZINe versus 4He/21Ne.
FIGURE 9. Plot of “Sar/*INe versus JHe/?INe.
FIGURE 10. Plot of 4He/38Ar versus 3I-k—:'/ZZLNe.

FIGURE 11. Three isotope correlation diagram for neon.
Mixing lines of cosmogenic neon (Nec) are plotted with
atmospheric neon (NeATM) , solar wind neon (Nesw) and

pure 22Ne (Ne-E).
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almost all of the meteorite samples, have higher 36Ar/38Ar ratios than
that given by equation IV. (5). The meteorite El Burro fits most of the
trends except for having a 3H’e/4He ratio which is slightly above the
predicted curve.

These results underscore two primary general facts: first, that
there is a wide variation throughout the literature in the composition
and concentrations of the light inert gases reported among samples from
the same iron meteorite; and secondly, that due to their generally low
cosmic ray exposure ages, the meteorites studied in these experiments
tend not to follow the spallation patterns as strongly as would a ran-
domly selected distribution.

The first conclusion can be seen by considering other published
data on these meteorites. Arispe, which as it was noted above falls con-
sistently on or very near the correlation curves in Figure 5 through 10,
was reported by Lipschutz ‘et al. (1965) to contain the noble gases in
very anomalous proportions. These investigators suggested that Arispe
suffered a breakup some 100 million years ago and that it contains small
amounts of either radiogenic or primordial 4He. This conclusion is
strengthened by the determinations of the cosmic ray exposure age, which
fall into two groups: approximately 400 million years (Fisher and
Schaeffer, 1960; Vilcsek and Winke, 1962) and approximately 900 million
years (Voshage, 1967). Thus it is obviously critical to know for a
sample from this meteorite not only the depth from which the sample orig-

inated, but to which age group it belongs, because while Lipschutz
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et al.'s analysis of Arispe finds the meteorite definitely anomalous
with respect to Voshage and Feldman's (1978) predicted correlationms,
Fisher and Schaeffer (1960) and Hintemberger and Wénke (1964) agree
with the present analysis which finds Arispe following the correlations.
Of the four meteorites which Voshage and Feldman (1978) find
must have had "'extraordinary irradiation circumstances' and thus did not
- fit their model, three, Bohumiltz, Cedartown, and Sierra Gorda, were also
analyzed here. The anomalously high 4He/3He ratio which they find for
Bohumiltz does not appear in either Hintenberger and Winke's 1964 anal-
ysis or my own. On the side of consistency, the analyses of Cedartown
(Hintenberger et al., 1967; Voshage and Feldman, 1978) and Sierra Gorda
(Bauer, 1963; Voshage and Feldman, 1978) all agree with the present work

4He/ 3He ratios.

in having somewhat high
Discordant results are not surprising when seen in the light of

what has been generally observed in the cases where numerous analyses on
different samples of the same iron meteorite were carried out — that is
that there are significant variations in the concentrations and isotopic
ratios of the light inert gases within the same iron meteorite, even for
adjacent samples. Signer and Nier (1962) found what they termed 're-
markable' variations among samples of the Washington County meteorite.

4He and 20Ne which

The authors were unable to account for excesses of
varied by more than a factor of five between samples. Heymann et al.
(1966) studied 56 fragments of the Canyon Diablo iron meteorite by

metallography and mass spectrometry. The concentration of 3He varied
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by a factor of 104, and in the 14 most gas-rich samples analyzed to de-
termine the cosmic ray exposure age, the helium, neon, and argon iso-
topic ratios varied by more than 25%.

Herzog et ‘al. (1976) measured the light inert gases in 21 Odessa
iron samples and found that the helium, neon, and argon concentrations
varied by factors of 62, 91, and 68, respectively, while 4He/3He varied
by a factor of 2.55. Kolesnikov ‘et ‘'al. (1972) found that the helium,
neon, and argon concentrations in five fragments of the Sikhote-Alin
iron meteorite all varied by factors of 22-29. These data yielded dis-
cordant cosmic ray exposure ages, which as in the case of Lipschutz
et al.'s 1965 analysis of Arispe, was explained by collisional breakup
of the parent meteoroid.

Even though these examples pertain to very massive iron meteor-
ites, they caution against drawing general, let alone specific, conclu-
sions from the analysis of single samples of iron meteorites without
knowing their complete history: the cosmic ray exposure age of the par-
ent meteoroid, whether or not the meteoroid suffered secondary breakups,
the depth of the sample, the changes shock effects may have induced, etc.
An attempt will be made to make sense of the data in the figures with
this caution in mind.

In Figure 5 it can be seen that most of the samples are not too
far removed from the curve of Voshage and Feldman (1978), and that the
"band" in which they fall follows the trend of this curve. The figure

also shows examples of what is the most commonly reported anomaly in the
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light rare gas analyses of iron meteorite metal samples — a deficit of
3He. Practically every investigation referenced thus far has found at
least one such sample, and the cases of Cedartown and Sierra Gorda were

mentioned earlier. The anomaly is most strikingly displayed in the

Table 8) that it is not even shown in Figure 5. While almost all values
of the 4He/ 3He ratio lie in the range 3.0-4.25, bracketing the spalla-
tion value of 3.80, the values published for Braunau are 13.18 (Bauer,
1963) and 9.71 (Hintemberger and Winke, 1964). While my analysis gave a
slightly lower figure of 8.20, it is still nearly twice the value of any
other meteorite analyzed. Only the iron meteorite Washington County has
such a large reported 3He deficit (4He/3He = 14.3, Fisher and Schaeffer,
1959; 10.5, Signer and Nier, 1962; 22.7, Hintenberger et al., 1967).

The standard explanation for the 3He deficit is that these mete-
orites were in more highly elliptical orbits which subjected them to
greater than average temperatures near perihelion. This is thought to
have caused the diffusive loss of spallation produced tritium (t_% =
.- 12.33 years) before it could decay to 3He (Schultz, 1967; Hintenberger
et al., 1967). Another explanation offered here is the following: 3He
has an uncommonly large (n,p) cross section, and an intense neutron

3He

irradiation at relatively high temperatures could therefore lead to
loss via 3H loss.
Hintenberger et al. (1967) noted a correlation between this 3He

deficit and the structural classification of the meteorite. Most
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meteorites showing this behayior are hexahedrites, and this correlation
is satisfied here for Braumau, Cedartown, and Sierra Gorda. Tombigbee
River is also a hexahedrite which has previously shown high 4He/ 3He
ratios (*He/3He = 7,11, Fisher and Schaeffer, 1959; 7.04, Bauer, 1963).
The data from Table 8 show no such deficit for this meteorite, with
THe/3He = 3.08.

Since 3He and 21Ne in iron meteorites are overwhelmingly from
spallation, the higher the cosmic ray age of the sample, the further to-
ward the upper left corner of Figure 5 (high 3He/4He, low 4He/zj‘Ne) it
should trend. This would lead to the prediction that the two most ex-
treme samples, Tombigbee River and Edmonton, should have long cosmic ray
exposure ages. This is borne out in the case of the Tombigbee River,
but Edmonton is the only meteorite analyzed which has not had a prior
determination of that age. As noted above, earlier measurements of the
3He/ 4He Tatio by other investigators of Tombigbee River gave much lower
values. Since the present ratio shows approximate agreement with the
"normal" pattern, it is possible this sample originated from a greater
depth in the parent meteoroid where the diffusive loss of tritium had
not taken place. This conclusion is supported by the concentrations of
the inert gases in Tombighee River being the lowest overall of the -
meteorites analyzed.

Those samples with the oldest determined cosmic ray ages, Arispe.
and Odessa, do fall on the correlation diagram where expected, as does

the Babb's Mill meteorite, which has the lowest exposure age. So while
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Babb's Mill has a low 3He/4He ratio of 0.220, it is normal in that it
ha§ a correspondingly high 4He/ 21Ne ratio.

A feature which shows up on all of the figures is the extreme
location of the Hoba sample. The abscissa of Figures 5 through 10 all

2:"Ne in the denominator, and since Hoba's concentration of that

have
nuclide is the lowest of those meteorites sampled, it always plots
furthest to the right on the correlation diagrams.. In Figure 5 Hoba
shows a strong overabundance of 3He; the same result could be obtained
due to an underabundance of 21Nc—:, but the later correlation diagrams
contradict that interpretation.

Figures 6 and 8 are quite useful in detecting anomalous data be-
cause the variable along the ordinate is expected to change relatively
little. Therefore, the large range of values seen along the ordinate in
Figures 6 and 8 is striking. In Figure 6 the lower limit of the range

3He/38Ar

of values lies near that of the ™mormal” correlation curve at
about 17 for Arispe, Bohumiltz, Duchesne, and El Burro, and then trends
upward to Sierra Gorda at a ratio of 63. Similarly, in Figure 8 the same
four meteorite samples lie near the predicted ratio of 38Ar/ 21Ne of about
4.8, but the others trend down to Butler with a value of 0.53. Thus a
large anomalous variation in the 38Ar concentrations. is evident, with a
strong underabundance seen in Braunau, Butler, Dayton, Odessa, Sierra Gorda,
and Tawallah Valley relative to that expected from the helium and neon

8

concentrations. Butler had such a low abundance of 5 Ar that it does not

appear on Figure 6, while Braunau, despite its large 3He deficit, has
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nearly a normal spallogenic 3He/ 381\:(‘ ratio.
Three of the six meteorites showing a strong underabundance of

38Ar have had argon measured in other samples of them previously.

38Ar in Butler 17 times that pre-

Schultz and Hintenberger (1967) report
sently seen; Schaeffer and Z&hringer (1959) in Odessa 12 times; and
Voshage and Feldman (1978) in Sierra Gorda of 3 times. The helium and
neon concentrations from the present analyses are within a factor of two
of all other investigator's results for Braumau, Butler, Dayton, Odessa,
and Sierra Gorda. Tawallah Valley has had no previously published inert
gas data.

With the agreement at helium and neon, but the disagreement in
argon gas concentrations, a systematic experimental error could be sus-
pected. However, the concentrations of helium, neon, and argon recorded
all agree within a factor of two of other measurements on the Arispe,
Babb's Mill, Bohumiltz, Cedartown, El Burro, Hoba, and Tombigbee River
iron meteorites. This, and the variation of the discrepancies with
other investigators (3 to 17-fold), seems to rule out a systematic error
in the measurements.

There is additional support for this conclusion from the exten-
sive studies of the Odessa meteorite. Helium concentrations varied by a
factor of 6, neon by a factor of 5, and argon by a factor of 12 in meas-
urements of these inert gases in Odessa by Schaeffer and Zihringer
(1959), Signer and Nier (1962), Hintenberger and Winke (1964), and
Hintenberger et al. (1967). Herzog et al. (1976) have studied 21 Odessa

samples. Several of their samples had helium, neon, and 38Ar
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concentrations similar to those found here. Therefore, my conclusion is

SAr differences seen in Figures 6 and 8 are real.

that the 5

An underabundance of argon relative to the helium and neon con-
centrations would result if there has been incomplete gas extraction from
the meteorites showing this anomaly. There are a number of arguments
against that interpretation. Blank measurements were made following the
meteorite sample runs, and in these the gas concentrations invariably
dropped to less than 10% of the concentration recorded for the sample.
Secondly, whenever the furnace was opened to clean out the fused residue,
the crucible was always empty. Since all of the samples were entirely
fused, the only other mechanism producing incomplete gas extraction would
be if the fused metal retrapped gas as it was deposited on the furnace
walls. However, if this retrapping had occured, there would be a con-
sistent underabundance seen in all the samples analyzed.

One explanation for the variations in Figures 6 and 8 could be
the presence of trace minerals. Until now the samples have been treated
as if they were pure nickel-iron, which is an acceptable first order ap-
proximation. However, iron meteorites are known to contain inclusions,
large and small, of silicates, sulfides, and phosphides. Although these
minerals do contain iron atoms, the great majority of their atoms are
oxygen, silicon, aluminum, magnesium, sulfur, and calcium. Now it is
known that 3He and 4He yields from spallation do not depend very much on
the target species for elements with Z 3 6 (carbon), hence the impurities

should not affect the spallation helium much, if at all. However, it is
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5 8Ar cannot be formed from silicon, aluminum, magnesium or

clear that
sulfur, whereas 21Ne can be,

One might think that trace minerals camnot have much of an effect
on isotopic yield ratios, but that is not necessarily true. Because the
atomic weights of 21Ne and 38Ar are relatively far removed from those of
the iron and nickel target nuclei, the yields of the former in the cosmic
ray bombardment of iron and nickel are relatively small. In fact, the

21

minimm of the mass-yield curve for spallation in iron is near “'Ne.

8Ar is very sensitive to the calcium content of the

Also, the yield of 5
sample. Calcium, although it does not reside exclusively in the phos-
phides, does occur primarily in the phosphide minerals of iron meteor-
ites. Phosphide (called schreibersite in iron meteorites) occurs in the
form of relatively small needles (approximately 100 x 10 um) embedded in
the metal phase, and its concentration is known to vary greatly from
location to location (Buchwald, 1966).

However, there are difficulties in attributing all the observed
deviations to varying proportions of trace minerals. If the apparent
38Ar deficiency in these six meteorites is due solely to their having an
underabundance of schreibersite, then Figure 8 implies that up to 90% of
the "normal' spallation argon must come from that source. That such a
large proportion of the spallation gas results from a trace mineral just
isn't plausible.

The anomalies seen in Figures 6 and 8 could also be the result

of the mixture of another inert gas component with the predicted
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cosmogenic gas component, Figure 8 shows that mixing an atmospheric gas
component with cosmogenic gas would not be suitable in that it would re-

38Ar/ 21Nc-:- spallation yield ratio of less than %, which is highly

quire a
- unlikely in these meteorite samples.

The average inert gas isotopic ratios found in hypersthene chon-
drites (a common class of stony meteorites) were determined by Heymann
(1967) as having 3He/38Ar 2 40 ,and 38Ar/21Ne ’;' 0.14. These gas compo-
sitions, when mixed with cosmogenic gas in Figures 6 and 8, respectively,
can produce the observed range of values seen in those figures. However,
it is difficult to understand why a stony meteorite gas component should
be so prominent in iron meteorite metal samples. The data from Odessa,
Sierra Gorda, and Tawallah Valley require that the analyzed gas be al-
most exclusively of that composition. Some of the meteorite parent
bodies may have trapped inert gas with a composition similar to that in
the chondritic meteorites, and despite the iron meteorite's subsequent
evolution, they could retain a portion of that gas.

38Ar underabundance seen

The most attractive hypothesis for the
in Braunau, Butler, Dayton, Odessa, Sierra Gorda, and Tawallah Valley is
a combination of varying trace mineral spallation contributions and the
presence of a stony meteorite - 1ike light inert gas component. It should
be emphasized again that other investigators have reported similar under-
abundances in isolated cases.

Figure 7 contains an isotopic ratio, 36Ar/ssAr, which can vary

somewhat in spallation, but not as much as the range of values
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(0.61 to 0.94) seen in these samples. Note that most of the abnormal
samples fall above the "normal'' spallation .curve. The atmospheric
36Ar/38Ar ratio is 5.3. If the variation in this figure is due to an
admixture of atmospheric argon, either of primordial or contamination
origin, then one expects samples with low exposure ages to be the most
anomalous, since their small spallogenic components will not as easily
mask other components. That is the case here, with the two meteorites
with the shortest ages, Babb's Mill (36Ar/38Ar = 0.94, off the top of
Figure 7) and Braunau, showing the largest 36Ar/38Ar ratios.

That the average cosmic ray exposure age of this set of meteor-
ites is lower than the average for iron meteorites in general may be
seen by a comparison of 3§Ar/38Ar ratios. The average of 36Ar/38Ar in
the present work is 0.70, whereas the average of 91 other determinations
from the literature, which was taken as the cosmogenic argon yield ratio
CArC, Table 4), gives 36Ar/sS.Ar = 0.64. Thus another gas component is
detectable in my samples. Most likely this component is atmospheric
argon, which is normally overwhelmed by cosmogenic gas in iron meteorite
metal samples.

Figures 9 and 10 strengthen the comments made earlier for Fig-

3$Ar on the ordinate in both dia-

ures 6 and 8. Again, the presence of
grams causes a large scatter of the data points. However, these figures
do not present new relationships between the inert gas isotopes, since
they result from secondary correlations. Figures 9 and 10 are shown

because they have been used by some investigators of iron meteorites.



120

The three isotope representation ZONe/ 2AZNe versus 21Ne/ 22N is
the only useful isotopic variation plot of the light inert gases.

4O.Ar can

Helium has only two stable isotopes, and while argon has three,
vary because of 4OK decay. In the neon system there are no long-1ived
radionuclide precursors, This makes the neon isotopic system the most
sensitive of the light inert gases for the detection of non-spallogenic
contributions to the gas content,

Figure 11 shows that 12 of the 15 meteorites cluster around the
cosmogenic neon (Ne C) value, which means that they contain little if any
neon from other possible neon gas components. Braumau and Babb's Mill
show the definite presence of components with either a solar wind or an
atmospheric neon composition, or both. Given the error, it is impossi-
ble to say firmly that Braunau and Babb's Mill contain neon of only
atmospheric or solar wind composition, although the position of the
Babb's Mill data point favors the former. As noted earlier, these mete-
orites have the shortest reported cosmic ray exposure ages of this set,
so they are the most likely to be "abnormal" in Figure 11.

One may, of course, argue that both Babb's Mill and Braunau
have been contaminated with terrestrial neon during their time on earth.
However, the fact that these meteorites also indicate the presence of a
trapped gas component in argon (Figure 7) makes that interpretation um-
likely. By treating these meteorites as two component mixes of spallo-
genic gas and atmospheric trapped gas, the percentage of the primordial

trapped component concentration relative to the total gas concentration
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may be calculated. Of the total neon concentration, about 12% is due to
trapped gas in Babb's Mill and 7.4% in Braunau. Of the total argon con-
centration, about 6.3% is due to trapped gas in Babb's Mill and 3.2% in
Braunau. Thus it appears that spallation is approximately twice as ef-
ficient in producing argon from iron and nickel in these samples than
neon.

The trend defined by the samples of Cedartown and Odessa troilite
in Figure 11 is fascinating because it is in the direction of neon-E
‘(Ne-E; see Black, 1972}, a neon gas component which is apparently pure
22Ne Meier et al., 1980). There is now a consensus among cosmochemists
that Ne-E is a record from direct stellar nucleosynthesis preserved in a
class of stony meteorites called carbonaceous chondrites. The deviation
of Cedartown in the direction of Ne-E in Figure 11 suggests that Ne-E,
Or a similar gas, may also occur in iron meteorites. Whether or not it
is located in the metal phase or a trace impurity cannot be concluded

from these results.
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C. Krypton

1) Introduction

Krypton and xenon, the heavy inert gases, are present in meteor-
itic material only in very small concentrations. Even in stony meteor-
ites the concentrations are on the order of 107> to 10°° parts per mil-
lion by mass and in iron meteorite metal samples the abundances often
fall at least two orders of magnitude below that.

Relative to xenon, and certainly to helium, neon and argon, very
few data are available on krypton in all meteorites. Meteoritic krypton
isotope abundance measurements are more difficult experimentally than
Xenon measurements, not -only because of hydrocarbon interference, which

78Kr, but because of atmospheric

was discussed earlier in connection with
contamination. In the atmosphere the krypton to xenon ratio is about 1z,
as compared to stony meteorites where the value is about 1 and in the
previous iron meteorite metal samples, where the ratio averaged about 6.
A number of the subclasses of stony meteorites, ordinary, enstatite and
carbonaceous chondrites, typically contain more xenon than krypton.
Thus the background gas abundances relative to the sample abundances
are distinctly unfavorable.

The overwhelming majority of krypton determinations which had
been done prior to this study were on stony meteorite samples. The iso-

topic measurements on stony meteorites have resulted in the conclusion

that many of these objects contain "trapped" krypton whose isotopic
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composition is different from that of the terrestrial atmosphere
(Eugster et al., 1967; Marti, 1967).

A second conclusion from these studies was that many of these
meteorites have been exposed to relatively small, low energy (< 10 keV)
neutron fluxes (Clarke and Thode, 1964; Marti et al., 1966; Eugster et
al., 1969). These neutron fluxes caused anomalies to show up in krypton
isotopes (notably 80 and 82) where neutron capture by bromine and sele-
nium altered the isotopic ratios. Secondary neutrons from spallation
reactions appeared to be able to provide the neutron fluxes required for
this theory (Marti et al., 1966).

There has been some data published on krypton in iron meteorites,
but most of it has been on their silicate, graphite, and troilite inclu-
sions. The data from these studies will be discussed in section IV. E.
in connection with the present analysis of mineral separates from the
Odessa iron meteorite.

Thus it is not at all clear whether or not the conclusions reach-
ed for stony meteorites can be extended to include iron meteorite metal
samples. Mmk (1967a,b) found small amounts of krypton in the metal
phase of three iron meteorites (Costilla Peak, Carbo, and Misteca; see
Table 5), which he explained as the mix of a cosmic ray spallation com-
ponent and a trapped component of atmospheric isotopic composition. The
most abundant krypton producing spallation target elements in the meteor-
ites analyzed were identified by him as zirconium, molybdenum, ruthenium,

and palladium, and the resulting spallation spectra were distinct from
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those of stony meteorites. Differences in the three meteorites were at-
tributed to different degrees of cosmic ray shielding.

Hennecke and Manuel (1977) found the most distinguishing char-
acteristic of the krypton in the two iron meteorite metal samples they
investigated (Xiquipilco and Cape York; see Table 5) was that the light
isotopes were preferentially enriched relative to the atmospheric stand-
ard. They concluded that by considering the iron meteorite's krypton
composition as one extreme and that of carbon-rich residues of stony me-
teorites, in which the light isotopes are preferentially depleted, as
another, mixtures of the two could explain the krypton in the earth's
atmosphere, the solar wind, and the average of carbonaceous chondrites.
Carbon-rich residues result from the acid treatment of carbonaceous
chondrites, a subclass of stony meteorites thought to be in a primitive
stage of evolution due to their lacking evidence of having been remelted.

These meteorites will be further discussed with regard to the xenon data.

2) Correlation Diagrams

As was noted in the discussion of Figure 11, three isotope cor-
relation diagrams have proved extremely useful in the resolution of com-
positions in the inert gases. The analysis is by necessity more complex
for krypton and xenon, because now instead of three stable isotopes, as
in neon, there are 6 and 9, respectively. Nevertheless, these diagrams
have become the most common method used to distinguish between well

understood isotopic variations and the puzzling isotopic anomalies



125

requiring further explanation.
Figures 12 through 16 are such correlation diagrams. As is the
custom in the literature, 84Kr is taken as the normalizing isotope in

84Kr is the most abundant of the stable isotopes of

each plot. Since
krypton and can therefore be measured most accurately, it is a prime can-
didate for the normalizing isotope. In Figures 12 through 15 the 83Kr/

84Kr ratio is plotted along the abscissa, and the ordinate ratios move

78Kr/84Kr to 86Kr/84Kr. 83

progressively from Kr is a useful choice for
apersistant parameter because it is the only odd-A stable isotope of
this even-Z element. It is more vulnerable to photoneutron emission and
capture of non-thermal neutrons than the even-A isotopes. Hence it is a
useful touchstone for a mumber of nuclear processes. Any mixture of two
independent components will lie on the line connecting the components,
and compositions arising from the mixture of three components will lie
within the triangle whose vertices are the compositions of the three
components.

The symbols used to label the meteorites from this work are the
same as in the previous figures. Also shown are the data from Costilla
Peak (CP), Carbo (C), and Misteca (M) (Mumk, 1967a,b), as well as
Xiquipilco (X) and Cape York (CY) (Hennecke and Manuel, 1977). The fig-
ures represent all the published data to date on krypton in iron meteor-
ite metal samples.

Individual error bars are plotted for each meteorite in Figure

12 since there is no typical error for these data, but for the other
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figures a single one standard deviation error estimate is given. The
lines plotted on each graph are two component mixtures of atmospheric
krypton and spallation krypton (see Table 5). The error in the mixing
line is due only to the error in the calculated spallation spectrum, so
the line may pivot about the atmospheric point slightly. The range of

this variation is indicated by the cross-hatched regions in the figures.
3) Discussion

Always keeping in mind the large disparities found by investi-
gators of the light inert gases in iron meteorites, some interesting
trends are revealed by the correlation diagrams. First of all, the ten-

80Kr) made by

tative conclusion of light isotope enrichment (78Kr and
Hennecke and Manuel (1977) based on fragmentary data, is strongly sup-
ported. One of the important features of the present work is that it
shows this anomaly in samples differing in cosmic ray exposure age as
much as Butler and Babb's Mill do.

It is advantageous to first discuss those meteorites which are
known to have long cosmic ray exposure ages. These may provide a good
estimate of the spallation spectrum expected in iron meteorites, and
deviations from that spectrum may then be the result of other krypton
components present. Two of the meteorites analyzed by Munk (1967a,b)
are useful in this regard: Carbo, which Signer and Nier (1962) report as

having an exposure age of 600 + 150 million years; and Costilla Peak

which Mk (1967a) calculates from neon and argon abundances as having
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FIGURE CAPTIONS

Figures 12 through 15 are three isotope correlation diagrams
of krypton. The plotted line in Figures 12 through 14 is a mix of
atmospheric krypton (triangle labeled ATM) with spallation produced
krypton. The error in the spallation component (Munk, 1967b) is indica-
ted by the cross hatched region. Typical one standard deviation errors

in the measurements are indicated in Figures 13, 14, and 15.

78Kr/84Kr versus 83Kr/84Kr.

FIGURE 12. lot of
Individual error bars are shown due to the wide variation

in the one standard deviation errors.
FIGURE 13. Plot of 80Kr/84Kr versus 83Kr/84l(r.
FIGURE 14. Plot of 82Kr/84Kr versus 83Kr/84Kr.

FIGURE 15. Plot of S%kr/3%r versus &3kr/3%r.

The line is a least squares fit to the data shown.

132Xe versus 36Ar/84Kr.

FIGURE 15. Plot of °%Kr/
The error in the measurements is smaller than the data

points due to the scale used.
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an exposure age of 530 + 60 million years. These ages are greater than
any of those for the samples presently analyzed except Arispe, whose
average cosmic ray exposure age is 565 million years (see Table 3).

These three meteorites have the largest 83K’1‘/84Kr values and plot
together well in Figures 14 and 15. 1In Figure 12 Arispe falls below the
correlation curve, but I am reluctant to make much of a case for a single
meteorite in this diagram. Arispe is, unfortunately, one of the three
meteorites analyzed for which the 80Kr/84Kr ratio is questionable, and
for that reason it is not plotted on Figure 13.

Mk (1967a,b) has calculated theoretical spallation yield ratios
of krypton by using the empirical formula of Rudstam (1966) for the cos-
mic ray spectrum as deduced by Arnold et al. (1961) at a depth of 100
g/cm2 in an iron meteorite. This theory predicts that the 86Kr/83Kr
spallation ratio is less than 4 x 10—4, consistant with radiochemical
studies of spallation yields in this region of the periodic chart of the

elements. The calculated spallogenic spectrum is listed in Table 5 nor-

malized to S%kr. Here the spectrum is renormalized to 83Kr, which is the

most strongly produced cosmogenic krypton isptope:

78 80 82 83 86

Kr: Kr: Kr: Kr: Kr =

0.283: 0.613: 0.848: = 1.00: 0.132: < 4 x 10-4.

This composition is distinct, but not greatly different, from that of
Marti et al. (1966) deduced for stony meteorites:

78 80 82 83 84

Kr; Kr: "Kr: TKr: " Kr: 86Kr

0.18: 0.49: 0.76: = 1.00: 0.63:

I
o
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These differences are undoubtedly due to the different target
nuclei from which krypton is formed in the two kinds of meteorites. It
is important to keep in mind that differences in the calculated ratios
in Table 5 and variations in Figures 12 through 15 may in part be due to
varying proportions of the heavy trace element abundances. Thess abun-
dances have been determined in very few iron meteorites.

Mixing lines of atmospheric krypton with the calculated spalla-
tion krypton composition are drawn in Figures 12, 13, and 14. These
lines could be just as well described as mixes of solar wind krypton and
spallation, since the solar wind and atmospheric krypton compositions are
essentially identical (see Table 5). These definitely support the ob-
servation of Hemnecke and Manuel (1977) that the krypton in iron meteor-
ites is preferentially enriched in the light isotopes. The enrichment
is uniikely to be due to spallation. This conclusion is clearly seen
from both Figure 12 and Figure 13.

When dealing with 78Kr one must always be cautious due to the
large inherent error, but the variations seen among the meteorites are
definitely significant. There is a tight clustering of five meteorites,
Babb's Mill, Cedartown, Misteca, Cape York, and Xiquipilco near the atnos-
i)heric value. There is a second "grouping'" of high 78Kr/ 84K'r but low

83K'r/ 84K:r ratios, which despite the large errors, are definitely enrich-

ed in /8

Kr. These meteorites are: Bohumiltz, Braunau, Dayton, Duchesne,
Edmonton, El Burro, and Tombigbee River. The other meteorites do not

deviate sufficiently from the mixing line to rule out a mix of an
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atmospheric-solar wind krypton composition with spallogenic gas, al-
though Arispe, as mentioned before, is distinctly underabundant in 78Kr
relative to Carbo and Costilla Peak.

Because the 80Kr data are more reliable, the light isotope en-
richment is more convincingly shown by Figure 13. There is again the
same cluster of meteorites near the atmospheric composition, but now
instead of Cedartown, Braumau plots at this location. The overabundance

of 80

Kr is clearly seen in most other samples. The Edmonton meteorite
has such a large 8OKr/ 84Kr ratio (0.229) that it plots off the top of
the figure. The Hoba point is noteworthy in that this is the only cor-
relation plot in which this meteorite does not fall on the mixing line
of spallation with atmospheric-solar wind.

Figure 14 shows that if there are any true deviations from the
mixing line, they are much smaller than in the previous figures. There

82Kr in Bohumiltz, Dayton, El1 Burro, and Sierra Gorda.

might be excess
The data from the Cape York, Misteca, and Xiquipilco meteorites were not
plotted here due to the congestion of points near the 'atmospheric-solar
wind ratios. They too show very small possible enrichments of 82Kr
(see Table 5).

The Tawallah Valley meteorite has a large 83Kr/84Kr ratio and
generally follows the spallation pattern in Figures 12 through 14. A
combination of low sample gas concentrations and a relatively high blank

measurement prior to its melting make the krypton data from this meteor-

ite less precise, on the average, than for the others.
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The line in Figure 15 is not a mixing line as before, since there

86

is no spallogenic = Kr. Instead, the line is a least squares fit to the

data. The 83Kr/ 84Kr ratio increases with increasing exposure age since

the (83Kr/ 84K'r) spallation yield ratio is larger than 1.0. The: 86er/ 84Kr
.. 86 84 . 84

ratio 1s equal to ( Kr)trapped / [( Kr) trapped + ( )spallation :”

and hence is bound to decrease. With little S0Kr produced by spallation

83

relative to "“Kr, it is to be expected that the 86Kr/ 84Kr ratio will be

nearly constant over a wide range of 83Kr/ 84Kr values.

The most striking property of krypton in iron meteorites is the

78 0

apparent enrichment of the light isotopes ‘“Kr and 8 Kr relative to atmos-

pheric-solar wind krypton. Another possible interpretation is that the

83

variations are due only to a deficiency of ““Kr. If there were a defi-

3

ciency in the amount of ° Kr, then the data points in Figures 12, 13,

and 14 would all be shifted to the left. In this case the samples could
still have krypton which was the result of a mixture of atmospheric-solar
wind and spallation components, but at some time in its history the me-
teorite, or the reservoir from which it derived its trapped gas, must
have been subjected to a mechanism causing the selective depletion of

83Kr.

86

To evaluate this idea quantitatively, first all the °°Kr in the

samples will be assumed as representing a trapped component of atmospher-
ic composition. The Sierra Gorda meteorite will be used as an illustra-

83

tion because it appears to be deficient in °“Kr in all the figures. The

composition of Sierra Gorda after subtracting an atmospheric component
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has the following spectrum:

78 80 82

Kr; S0%r: 83 84

Xr; Kr: 86

Kr: Kr =
0.047: 1.06: 1.04: = 1.00: 0.39: = 0.00
When this is compared to the spallation spectrum given earlier, it can be

seen that a depletion of 83

Kr in the cosmogenic component by a factor of
1.9, on the average, will give the observed shift in the data of Sierra

Gorda from the mixing lines in Figures 12, 13, and 14. If this same pro-
cedure is carried out for the other samples which do not follow the spal-
lation pattern, only Braumau, Cedartown, and Duchesne cannot be similarly

83Kr in the cosmo-

explained. The average depletion factor needed for
genic component ranged from 1.9 for Sierra Gorda to almost 10 for
Bohumiltz, but the depletion factor tended to fluctuate substantially
from isotope to isotope within a given meteorite.

The fact that there does not emerge a common, constant depletion
factor for all of the abnormal compositions is somewhat discouraging, but

83

that does not necessarily disprove the assumption that “~Kr is responsi-

ble for the variations in Figures 12 and 13. After all, the thermal neu-

83

tron capturecrosssection of ~“Kr is the largest of any of the stable

krypton isotopes, namely, 200 barns. For this reason it is logical to

consider thermal neutron irradiation as the source of a 83

Kr depletion.
Using Figure 13, the neutron flux required for such a depletion mechan-
ism can be calculated. The use of Figure 13 is to be favored over Figure
12 simply because the data in Figure 13 are more accurate than those in

Figure 12.
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For the calculation the assumed original 83Kr/ 84Kr ratio for
Sierra Gorda was read from Figure 13 as being about 0,32, If the shift
in the 83Kr/ 84Kr value to the present 83Kr/84Kr ratio of 0.27 is due

83

solely to neutron capture on " Kr, then the amount of 83Kr converted to

84 83

Kr, A" Kr, in cmSSTP/g will equal:

A83Kr (cmssTP/g) = (neutron flux) (83Kr0)083 () Iv. (10)

where the neutron flux is in neutrons/cmzs, 83Kro is the original concen-

83Kr in c1n38TP/ 8, gz is the thermal neutron capture cross

tration of
section in cm2 and t is the irradiation interval in seconds. The irra-
diation interval is assumed to be the cosmic ray exposure age of Sierra
Gorda. The derived flux equals 1.4 x 105 neutrons/cmzs, which is enor-
mous relative to the 5 to 20 neutrons/cmzs expected from secondary re-
actions in iron meteorites exposed to cosmic rays (Clarke and Thode,
1964). The average fluence necessary for this process to be the explana-
tion of the anomalies in the Bohumiltz, Butler, Dayton, Edmonton, El
Burro, Odessa, Sierra Gorda, and Tombigbee River samples is approximately
1x 104 neutrons/cmz.

There are other problems besides the very large fluxes and flu-
ences required by this mechanism, because there is no assurance that the
neutrons available for capture have thermal energy. However, the reso-
nant integral neutron capture cross section of 83Kr is the same as its

thermal neutron capture cross section. Furthermore, the resonant inte-

gral neutron capture cross section of 82Kr is the same as that for 83Kr,
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200 barns, so that if one invokes higher energies than thermal, it will

83
Kr. As far as resonances are

82

be SZKT which is depleted, rather than
concerned, the largest resonances for both °“Kr and 83Kr are almost
identical and occur at very similar energies: 82Kr, o(resonance) = 260
barns at E = 39.8 eV; and for 83Kr, o(resonance) = 290 barns at E =
27.9 eV (Mann et al., 1959). Thus if the thermal neutron capture cross
sections are not used, only a very restrictive set of neutron energies
(< 30 eV) must be taken to more strongly favor the depletion of 83Kr.
Assuming for the moment that such large thermal neutron fluxes
and fluences could have occured somehow, what other effects might be
seen in krypton? Provided the abundance of bromine is high enough, ex-

79

cesses at SOKr and 82Kr could be produced by neutron capture in ’“Br and

81Br, Tespectively. Similarly, neutron capture in 828e could produce
83Kr. Clarke and Thode (1964) have used this mechanism to explain exces-
ses of these krypton isotopes in troilite (FeS) from the Canyon Diablo
iron meteorite. However, the probable host mineral of bromine and seleni-
um in iron meteorites would be troilite, so the concentrations they as-
sumed in their calculations are much higher than that expected for iron
meteorite metal samples.

Although the reported data are very sparse for these two elements
in iron meteorites for the metal phase, Reed (1971) finds the average
abundance of bromine as less than 0.1 parts per million, and Pelly and
Lipschutz (1971) estimate selenium as having a concentration on the order

of 0.05 parts per million. Clarke and Thode (1964) were especially hope-

ful that the selenium abundance might be high in troilite (maximm value
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reported of 360 ppm in troilite, Kiesl and Hecht, 1969), because the
neutron capture cross section of 82Se is very low, approximately 0.04
barns.

Assuming typical abundances of bromine and selenium in-the metal
phase as 0.06 and 0.01 ppm, respectively, the effect of a large neutron

79Br and 81Br have roughly equal abundances

flux may be estimated.
(50.7% and 49.3%, respectively) and 828e represents 9.2% of the total
selenium concentration. The thermal neutron capture cross section of

79Br, 81

Br, and 82Se are 10.7 barns, 2.66 barns, and 0.045 barns, respec-
tively. Assuming the irradiation time and the derived neutron flux used

previously to calculate the 83Kr depletion in Sierra Gorda, this assump-

tion would produce the following amounts of 80Kr, 82Kr, and 83Kr in that
meteorite:
80 = 5.6 x 1078 em3sTP/gE
82k = 1.3 x 1078 endsTR/g
8%r = 6.9 x 10712 nsTP/.
This is more than four orders of magnitude more 80Kr and 82Kr

than that measured in the Sierra Gorda sample, and the 83Kr produced
would be a third of the total 83Kr measured. There are undoubtedly other
ramifications of such a strong neutron irradiation, but this is suffi-
cient to discard that mechanism for depleting 83Kr in situ (i.e. in the
meteorite).

Since it has been shown that the transformation of 83Kr to 84Kr

by the radiative capture of neutrons in situ cannot be the explanation
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for the variations in Figures 12 and 13, there are only two viable pos-
sibilities which remain. One is that some primordial krypton reservoir
was irradiated by such a strong neutron fluence prior to the incorpora-
tion of the gas into the meteorite parent bodies; the other is that the

83 78Kr and 80Kr.

variations are not due to ~“Kr, but are due to excesses of
The irradiation of krypton with neutrons prior to its trapping in meteor-
ite parent bodies still requires the very large neutron fluences deduced
in this section, i.e., on the order of 1021 neutrons/ cmz. Such neutron
doses are generally associated with stellar nucleosynthesis, specifically
supernovae. The irradiation of krypton in a supernova remnant cannot be
excluded as a possible explanation, particularly because the bromine to
krypton abundance ratio in such an environment, roughly estimated to be
0.3 (Cameron, 1973), is approximately seven orders of magnitude smaller
than the abundance ratio in the metal phase of iron meteorites.

78 80

The other alternative is that '°Kr and °"Kr are the cause of the

variations in Figures 12 and 13. As seen by the earlier calculation,

80 82

one production mechanism of “"Kr, ““Kr, and 83Kr is neutron capture in

bromine and selenium. If that calculation is repeated, except now using
a neutron flux of 5 neutrons/cmzs, as would be expected from cosmic rays

83

(Clarke and Thode, 1964), the amounts of 80Kr, Kr, and 8:(’Kr produced

in Sierra Gorda would be:

80y = 2.0 x 10712 cm3STP/g
82k = 5.0 x 10713 custP/g
8y = 2.5 x 10719 endsTP/8.
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This represents about 23% of the total 8OKr measured in Sierra Gorda,

2.4% of the 82Kr, and about 10-5 of the 83Kr measured. When the meas-
ured 80Kr and 82Kr concentrations are adjusted by subtracting this com-
ponent, the resulting isotopic ratios are 80K'r/84Kr = 0.089 and

82Kr/ 84Kr = 0.266. Both of these agree well with the two component mix-

ing model on Figures 13 and 14 within the errors in the assumed bromine

abundance, the assumed neutron flux, the exposure age uncertainties, and
the error in the mixing line itself.

Because of the many inherent errors, it is not justifiable to
draw more than qualitative conclusions for this production mechanism.
However, these are interesting. The essentially equal abundances of
79Br and 8131‘ imply that the enrichment of 80Kr relative to 82Kr by this
mechanism will be equal to the ratio of their thermal neutron capture
Cross sections, which is approximately four. This factor gives a good
fit to the data points of Butler, Cedartown, El Burro, Hoba, Tawallah
Valley, and Tombigbee River in Figures 13 and 14, as well as Sierra
Gorda. The extremely high 8OKr concentrations of Arispe, Bohumiltz,
Dayton, and Edmonton may reflect high concentrations of bromine, either
in the metal, or in small troilite inclusions imbedded in the samples.
The low concentration of 82Se in combination with its very low neutron
capture cross section rules it out as a production mechanism of 83Kr.

However, this process does not address the observed 78Kr enrich-

ments. There is the possibility that the spallation spectrum derived

may not accurately predict the production of this isotope since the heavy
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trace element abundances are not well known. Shifting the atmospheric-
solar wind and spallation krypton mixing line toward higher 78Kr/84Kr
ratios would fit all the data better except that of Arispe, which is al-
ready anomalously low, although only an unrealisticly large 78Kr/ 84Kr
spallation ratio would give good agreemant.

78 80

A totally different production mechanism for the ‘°kKr and ° Kr

enrichments involves direct stellar nucleosynthesis considerations.

78Kr are form-

According to current thinking, bypassed p-isotopes such as
ed by photodisintegration of an inventory of nuclei from the atomic mass
range 70-200 in massive stars (Heymann and Dziczkaniec, 1980). Heymann
and Dziczkaniec (1980) have pointed out that stony meteorites, especial-
1y carbonaceous chondrites, are deficient in these isotopes if these me-
teorites are contaminated with krypton from the oxygen burning shell of
a single supernova which exploded near the nascent solar system and per-
haps triggered its formation (see Cameron and Truran, 1977). Heymann and
Dziczkaniec (1980) have also suggested that matter from even deeper lo-
cations than the oxygen shell, specifically from the silicon burning

78Kr and

8

shell of the star, could have large overproduction factors of

80 Oger

Kr. Thus this single mechanism could produce both the 78Kr and
excesses observed.

It is unclear how such matter from a supernova would become part
of an iron meteorite. The xenon data will not provide clues as to wheth-

78 80

“er the Kr and "~ "Kr enrichments are the result of this mechanism because

excesses in light krypton isotopes do not necessarily demand coherently
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124

correlated excesses of the bypassed p-isotopes of xenon, which are Xe

126Xe.

and
Finally, Figure 16 shoﬁs that there is no correlation between the
krypton to xenon concentrations and the argon to krypton concentrations.
The present experimental results confirm what was seen previously in this
regard, as far as iron meteorite metal samples are concerned. Those

samples with 36Ar/ 84Kr less than 600 range in 84Kr/132

Xe from about 2 to
20. The samples with “°Ar/3%kr greater than 2200 range in S%kr/*3%xe
from about 3 to 18. Arispe, Costilla Peak, and Edmonton plot off the
right side of the diagram (see Table 3), and the error in the data points

is negligible due to the scale used in the figure.
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D. Xenon
1) Introduction

The analysis of xenon is by far the most complex of any of the
inert gases. In general, xenon isotopes are formed by spallation, radio-
active decay, and fission, or they can be from trapped gas. Hopefully a
mix of these sources will provide an explanation for the differences ob-
served when comparing the xenon data from meteorites with solar xenon
and terrestrial xenon (Figure 17; after Podosek, 1978). The reference
composition in Figure 17 is that of the solar wind (Eberhardt et al.,
1970), with the nine stable xenon isotopes plotted on the abscissa. The

ordinate delta values, 61%,[30, are defined as:

130 _ m/l?’o)sample
GM = 1000 M/T30) — Iv. (11)
solar wind

and are thus permil deviations from the solar wind composition.

The importance of the carbonaceous chondrites has been noted
throughout the discussion of the inert gases, and the average xenon com-
position of carbonaceous chondrites (AVCC) is ubiquitous in all classes
of stony meteorites. The AVCC xenon composition is taken as a standard
for chondritic meteorites because of this pervasiveness. Nevertheless,
it is now known that AVCC xenon is itself a mixture of a number of iso-
topically distinct Xenon components, and hence the use of the AVCC com-

position as a reference standard must be handled carefully.
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While the AVCC and solar compositions are virtually the same for

the light fission shielded isotopes 1‘ZA’Xe, 126Xe, 128)(e, and 130

Xe (Eber-
hardt et'al., 1970, 1972; Podosek et al., 1971), there is a striking dis-
parity at all masses between terrestrial and solar wind xenon. There is

no general consensus as to the reason for this apparent steep mass frac-

tionation. The differences at 131Xe, 132Xe, 134Xe, and 136

Xe between
solar and terrestrial xenon seem to be a continuation of the trend seen
for the light isotopes, but de\riations from the expected linear trend
have been discovered which are attributed to nucleogenic components in
either one or both of these gases. A fission source is suspected for
these anomalies at the heavy isotopes (A > 130), but Podosek et al. (1971)
have clearly demonstrated that this xenon cannot result from the fission
of any known naturally occuring or man-made nuclei.

There is also an enrichment in the heavy isotopes of the AVCC
composition, which is likewise indicative of a spontaneous fission com-
ponent (Krummenacher et al., 1962). This component has been labeled CCF
xenon for carbonaceous chondrite fission. However, as yet this compo-
nent has not been identified as being the result of any known fissioning
nuclei. This has prompted Anders and Heymann (1969) to suggest that the
fissile parent is a superheavy element.

When analyzing carbonaceous chondrites by stepwise heating,
Manuel et al. (1972) noted a strange isotopic effect: those fractions
showing excesses in the heavy isotopes always had coherently correlated

124

excesses in the light isotopes Xe and 126Xe. They proposed a two
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component model in which this strange component, X, mixes with a comple-
mentary composition, Y, to explain these results. The X component is
taken as evidence for primordial isotopic inhomogeneity of the solar sys-
tem since a process for producing the component in situ has not been
found.

Lewis et al. (1975) discovered this same unusual behavior with
even greater variations than those found by Manuel et 'al. (1972) by ana- .
lyzing the residue of the Allende carbonaceous chondrite after the mete-
orite had been treated by selective chemical dissolution techniques.
They found that the inert gases were concentrated in a very small frac-
tion (approximately 0.5% by mass) of the meteorite. In contrast to the
above interpretation, hbwever, this group of investigators has rejected
the "X + Y" hypothesis, and has favored the heavy xenon isotope enrich-
ment as being due to the fission of superheavy elements while the light
isotope excesses would be due to very strong mass fractionation.

Pepin and Phinney (1980) have made a comprehensive study of the
xenon problem in the entire solar system by utilizing not only the con-
ventional two-dimensional, but also seven-dimensional correlation mathe-
matics to define the xenon encountered in various solar system reser-
voirs. They concluded that the isotopic compositions of trapped Xenon
seen in meteorites, the earth's atmosphere, and the solar wind could be
represented as a mixture of one or more of five components: cosmic Tay
produced xenon (CR-Xe), xenon from 244Pu fission (Pu-Xe), and what one

might call "primitive" components L-Xe, H-Xe, and U-Xe. There are also
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sometimes contributions from the decay of 1291 to 129Xe, 128}6’.e due to

127 131-136.

neutron capture by Xe from the spontaneous

38

I, and fissiogenic
fission of 2 U. Superposed on all these is the possibility of mass
fractionation of any given component, which may alter gas compositions
by non-nuclear processes, as discussed in section IV. A.

These components are listed in Table 9, along with the xenon
isotopic compositions of the terrestrial atmosphere, the solar wind, and
AVCC. The values given for spallation xenon are theoretically determin-
ed ratios by Mk (1967b) based on the empirical formula of Rudstam
(1966) for the cosmic ray spectrum as deduced by Arnold et al. (1961) at
100 g/cm2 depth in an iron meteorite. An additional component has been
derived through the interpretation of stepwise heating data from a se-
verly etched mineral fraction of the Murchison carbonaceous chondrite
(Srinivasan and Anders, 1978). The patterns seen were suggestive of nu-
clear processes believed to take place in red giant stars, especially the
s-process (neutron capture on a slow time scale), and so was labeled
s-Xe. These are useful, but not necessarily all, possible ingredients
for the anaiysis of xenon in my work.

A few comments about the ingredients of Table 9 are necessary.
Ultimately all nuclei in the solar system are due to nucleosynthesis
somewhere. For every type of nucleosynthesis, it is useful to distin-
guish between direct and delayed nucleosynthesis. The distinction can-
not be perfectly sharp. It is based on the question of whether a spe-

cific radioactive (or fissile) nuclear species does or does not get
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involved in chemical and/or geological processes after nucleosynthesis,
but before it decays quantitatively. If it does decay quantitatively,
the synthesis of the daughter products is called direct ; if it does not,
then the synthesis of the daughters is called delayed. The formation of
xenon from the fission of 244Pu or a superheavy progenitor in the meteor-
‘ite is an example of delayed nucleosynthesis.

A second distinction is between stellar and non-stellar nucleo-

synthesis. The only examples of the latter discussed in this work so far
are the spallogenic components due to cosmic ray bombardment of the me-
teorite parent bodies while in orbit about the sun.

Although the solar wind composition, which has been studied well
in lunar samples, only represents the long-term average composition of
xenon in the solar wind reservoir of the sun, it is widely assumed that
it represents xenon in the entire sun. For many years it has been as-
sumed that the xenon composition in the sun also represents the composi-
tion of xenon in the solar nebula from which the solar system formed.

The crux of Pepin and Phinney's (1980) work is that that is not so.
These investigators claim that the xenon in the solar nebula was U-Xe.
This acronym is derived from the German term '"Ur-Xenon", i.e. V'primeval
Xxenon'.

The normalizations of atmosphere, AVCC, solar wind, and U-Xe to
13OXe = 100 are done so that isotopic ratios may be determined easily.
H-Xe and L-Xe are first normalized by assumption to 130Xe = 0, then re-

136 6

normalized to Xe = 1.00 and 12 Xe = 1.00, respectively. The very
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131Xe/ 126Xe yield ratio of 23.0 for L-Xe is probably erroneous

large
(Pepin, private commmication) .

In the few previous studies of the xenon composition of iron me-
teorite metal samples, the behavior seen has not been greatly anomalous
in the following sense. Munk's (1967a,b) analysis of the Carbo and
Costilla Peak iron meteorites indicated that after subtracting a small
trapped atmospheric component, based on the assumption that all the

6Xe was due to such a component, the remainder of the gas

measured 13
agreed well with the predicted spallation yield from heavy trace ele-
ments. The small variations seen were attributed to different amounts
of cosmic ray shielding. Hence these meteorites seemed to contain only
atmospheric and spallogenic xenon.

Hennecke and Manuel (1977) combined their data for Cape York and
Xiquipilco with that of Munk's (1967b) analysis of Misteca to construct
correlation diagrams showing a marked similarity in the isotopic compo-
sition of xenon trapped in the earth and moon with that seen in these
three iron meteorites for masses 128‘136}(& FHowever, they found the
124Xe/126)(e ratio to be very consistent at 1.04 for these meteorites,
while Mmk's (1967b) calculated production ratio for spallogenic xenon

124Xe/l‘26Xe = 0.78. Because of this discrepancy, Hennecke and Manuel

is
(1977) argue that there is an exotic trapped component in iron meteorites

which shows up at the light isotopes 124)(e and 126}(6.
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2) Correlation Diagrams

The data from Table 6 are plotted on Figures 18 through 23. The
more traditional three isotope correlation diagrams are used rather-than
the seven isotope hyperplane mathematical amalysis of Pepin and Phinney
(1980). Pepin and Phinney's analysis is well suited for detecting com-
positions not on the hyperplane only when the experimental errors are
much smaller than in this.work.

The normalizing isotope along each axis in Figures 18 through 23

132 132

is Xe. This is done because Xe 1is the most abundant of the stable

isotopes of xenon and can therefore be measured most accurately. Each

136xe/132%e ratio on the ordinate plotted versus one of

132

figure has the Xe/

the other stable xenon isotopes normalized to

The 136Xé/132XezaIio is auseful choiceas a persistent parameter because

Xe along the abscissa.
136Xe is not produced by spallation and 132Xe is only very slightly pro-
duced by spallation (see Table 9). Thus, one xenon production mechanism
may be eliminated immediately as the source for all large variations
along the ordinate. The 129Xe data are not plotted in the correlation
diagrams because of the ambiguity arising from contributions to that iso-
tope from 1291 decay.

The symbols identifying the meteorites are the same as used pre-
viously, and a typical one standard deviation error estimate is given in
the corner of each diagram. The U-Xe, solar wind (SW), and atmospheric

(ATM) xenon compositions are plotted on each figure and are distinguished

by a square, circle, and triangle, respectively. Mixing lines are
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drawn of U-Xe with the 244

Pu fission xenon (Pu-Xe) and H-Xe components.
Also shown are trend lines for cosmogenic xenon (CR-Xe) and s-Xe; these
indicate only the direction in which the addition of the component would
shift a given point. This is to be distinguished from the true mixing
lines. For example, if a sample were to be a mixture of U-Xe and atmos-
pheric xenon. only, it would have to lie on the plotted line between the
U-Xe and atmospheric points.

Mixing lines of U-Xe with 238U fission xenon are not shown on the
figures due to their similarity with the U-Xe--Pu-Xe mixing lines. In all
cases such a mixing line would either fall on the U-Xe--Pu-Xe mixing line
(Figures 18 and 19) or between that mixing line and the one for U-Xe and
H-Xe (Figures 20, 21, 22, and 23). In the second instance, the mixing
line with 238U would be much closer to the Pu-Xe mixing line than to the
H-Xe line. Moreover, as was discussed in section IV. A. , the uranium

concentrations found in the metal phase of iron meteorites are only on

the order of one part per billion by mass anyway.
3) Discussion

The variations in the xenon compositions are complex, as the fig-
ures clearly indicate. Figures 18 and 19 can be considered together
since the trends they reveal are very similar. The isotopes on the ab-

124Xe and 126

scissas, Xe, are the lightest of the stable isotopes and are
thought to be formed only by either the p-process of stellar nucleosyn-

thesis or by spallation. The spallation component is strongly evident in
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FIGURE CAPTIONS

Per mil deviations of the average Xenon measured in
carbonaceous chondrites (AVCC) and atmospheric xenon

from the solar wind xenon composition.

Figures 18 through 23 are three isotope correlation diagrams of xenon

FIGURE 18.

FIGURE 19.

FIGURE 20.

FIGURE 21.

FIGURE 22.

FIGURE 23.

FIGURE 24.

with the U-Xe (square), solar wind (SW, open circle),

and atmospheric (ATM, triangle) xenon compositions plotted.

244

Mixing lines of U-Xe with Pu fission xenon (Pu-Xe) and

H-Xe are indicated, as are trend lines for cosmic ray
produced xenon (CR-Xe) and s-Xe. Typical one standard
deviation errors in the measurements are plotted in the

corner of each figure.

£ 136, ,132 124 132Xe.

Plot o Xe/ ~“Xe versus Xe/

Plot of 136Xe/ 132

Xe versus 126)(e/lz(’ZXe.

136Xe /132 134)( e /132Xe .

Plot of Xe versus

Plot of 136Xe/ 152

Xe versus 1?’())(e/l:‘;z)(e .

136Xe/132 128Xe/132Xe .

Plot of Xe versus

Plot of 136Xe/]‘:z’ZXe versus 131Xe/lsz)(e.

A compilation of the xenon data and the one standard devia-

tion errors for the Braunau iron meteorite metal sample.
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Figure Captions (continued)

Components, mixing lines, and trend lines are as in

Figure 18 through 23.
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the figures, and the most extreme data plot well off these diagrams to
the right. This is due to the long cosmic ray exposure ages of some of
the samples, such as Costilla Peak, which Munk (1967a) reports as having
a 126)(e/lSZXe ratio of 0.153. Of the samples presently analyzed only
Duchesne falls off Figures 18 and 19, but the errors associated with the
measurement of these particular ratios in that sample were very large
(see Table 3). However, most importantly, it can already be seen that
it is impossible for the observed data points to be explained as the mix
of a single xenon composition such as solar wind or atmospheric with

136 132Xe ratios is

spallation produced gas, because the spread of the Xe/
much too large for that to be true.

This is truly one of the most fundamental results which has
emerged from my study. All earlier investigators have assumed that xenon
in iron meteorites is a mix of atmospheric and spallation xenon plus,

124 126Xe.

perhaps, a little bit of an exotic '"light" component at Xe and
From what follows, it should become clear that those earlier assumptions
are totally unjustified.

Since the data in Figures 18 an 19 do not define a linear cor-
relation, at least three xenon components are required to account for the
variations. The mixture of solar wind, atmospheric, and cosmogenic xenon
components can produce the majority of the compositions seen in these
figures. However, the most interesting meteorites are those with xencn
compositions which are not consistent with such an interpretation. The

136Xe/132

Braunau and Sierra Gorda samples have Xe ratios less than that
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Data lying to the left of the U--H and U--Pu xenon mixing lines
in Figure 20 could indicate the presence of spallogenic gas. Since

spallation will produce essentially only 132

Xe in this figure, in gen-
eral those meteorites with long cosmic ray exposure ages should trend
toward the origin. The exact location of a sample will depend not only
on its spallation target composition but its original primordial xenon
composition. What is striking is that the two meteorites furthest from
the mixing lines are Braunau and Sierra Gorda. Their short cosmic ray
exposure ages rule out such a large shift in position as being due to
cosmogenic gas, although the direction of the shift is consistent with
that case. An admixture of s-Xe will also shift compositions in that

134 136

direction on Figure 20, as s-Xe contains no Xe or Xe.

The isotope best suited to show confirmation of a possible s-Xe

130X€ (Figure 21). 130

component is Xe is formed by the s-process of
nucleosynthesis and by spallation, although the spallation yield is rel-
atively small (see Table 9). Spallation could show up, but cannot dis-
place the data points too much away from the mixing lines between non-
spallogenic components. Figure 21 indicates that Sierra Gorda and
Braunau continue to trend in a direction consistent with their having a
s-Xe component.

Another xenon isotope produced by the s-process of nucleosyn-

128 128Xe and the

thesis is Xe. The analysis of correlations between
other isotopes is somewhat more difficult than for 130Xe due to 128Xe

having a strong spallogenic production yield. This fact is reflected in
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1SGXe/132xe versus

Figure 22 where a number of meteorites plot off the

128Xe/132

Xe diagram to the right. The crucial observation in this figure
is the separation of the Braunau and Sierra Gorda data points. In all
previous figures these two meteorites always plotted together and in
positions consistent with their having a s-Xe component. This follows in
Figure 22 for Sierra Gorda, but distinctly not for Braunau. Therefore,
the anomalous xenon composition seen in Braumau camnot be due to a s-Xe

component alone.

Figure 23 completes the cycle of stable xenon isotopes by plot-

131, ,132 131

ting Xe/ " “Xe along the abscissa. Xe 1s an isotope whose possible
origins are the most complex of those in xenon. Table 9 shows that this
is the only isotope of xenon which has a non-zero value in each of the
components listed. It is formed by the r-process in stellar nucleosyn-
thesis, and Dziczkaniec (1980) has shown that it can also be made, in
principle, by the p-process. The data in Figure 23 plot in locations
similar to those in Figure 21 with respect to the various components and
trend lines, except that in this figure the larger spallogenic component
is evident in a few samples.

Some general comments can be made concerning Figures 18 through
23. First of all, a number of samples contain a mix of solar wind and
atmospheric xenon components. This is most clearly seen in Figures 20
and 21, where the spallation contribution to the isotopes involved are

relatively insignificant. The xenon compositions of the meteorites

Arispe, Bohumiltz, Butler, Duchesne, Edmonton, El Burro, Hoba, Tawallah
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Valley, and Tombigbee River may all be produced as a mixture of solar
wind, atmospheric, and cosmogenic xenon components. Arispe, Duchesne,
and Tombigbee River always show evidence of a significant spallation
component. This result is not surprising for Arispe or Tombigbee River,
both of which have long cosmic ray exposure ages and have indicated a
similar component in the other inert gases. Duchesne has a large con-
centration of xenon, which favors a spallation origin for that gas. It
is true that the exposure age reported for Duchesne is only 200 million
years, but this meteorite could have suffered multiple breakups with this
sample coming from an 'old" portion of the meteorite parent body which
has not been studied previously.

The occurence of atmospheric xenon, or what appears to be an
atmospheric component, in meteorites has long been a topic of debate in
this field. Obviously, one suspects that meteorites pick up atmospheric
xenon during their time on earth, especially iron meteorites which are
prone to rusting. However, it is by no means clear how much of the atmos-
pheric'.gas is indigenous to the meteorites of my study and how much is
due to contamination. Every effort was made to eliminate terrestrial
contamination (see section II. D.), but it is doubtful these efforts
could have been totally successful. This means that the truly indigen-
ous gas compositions are actually always at locations which are further
from the atmospheric point than they show on the figures.

The 129Xe data are not discussed with the other xenon isotopes

because of the known possibility of a 1291 decay contribution. Many of
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the meteorites analyzed show evidence of such a component (see Table 6).

129Xe /132

The E1 Burro sample has the largest Xe value of the 15 samples
investigated, and it is similar in magnitude to the enrichment seen in
the metal phase of Carbo by Munk (1967b). The Tawallah Valley and
Tombigbee River samples are unusual in having anomalously low 129Xe/1 32Xe
ratios. Since the Tombigbee River sample has shown strong indications
of a large spallation component, this deviation is especially unusual in

129Xe is much more abundantly produced by spallation than is 132)(e.

that
The addition of a large heavy isotope rich xenon component seems neces-
'sary for these two meteorites to have such an apparent 129Xe underabun-
dance.

To summarize the new and most significant results which emerge
from an analysis of the three isotope correlation diagrams of xenon:

1) Trapped xenon gas in iron meteorites is not solely of atmospheric
composition. There is strong evidence from the data of possible trapped
Xenon components similar to U-Xe, s-Xe, the solar wind, 244Pu and/or
H-Xe, as well as atmospheric.

2) There are earlier results which suggest that iron meteorite metal
samples contaminated with troilite (FeS) and/or silicate inclusions con-
tain fission xenon. The presence of heavy isotope rich xenon is confirm-
ed here in every figure for Babb's Mill, Cedartown, Dayton, and Odessa,
but it is not clear whether the xenon from these meteorites originated

from imbedded inclusions.

3) There is the strong indication that iron meteorites may contain
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a8 s-Xe component . Sierra Gorda's xenon composition, while being very
anomalous, is extremely consistant in that it ‘alwdys trends in the direc-
tion of a s-Xe like component mixed with solar wind xenon and a small
cosmogenic component. This is a remarkable result--to see a component in
a bulk iron meteorite sample: which had previously only been detected in
the carbon-rich residue of a carbonaceous chondrite (Srinivasan and
Anders, 1978).

4) The Braunau meteorite is abnormal in that it contains a xenon
component not previoﬁély seen in any meteorite sample, stony or iron.
The composition is most anomalous at l28)(e, and shows that the data from
this meteorite cannot arise solely from the addition of a s-Xe component.
The 128Xe/lSZXe ratio in Braunau equals 0.0618, whereas the S-process
prediction is 0.133 (Lamb et al., 1977), and the s-Xe ratio deduced by
Srinivasan and Anders (1978) is 0.211.

In an effort to better understand the Braunau anomalies, the var-
ious xenon components and trend lines from Figures 18 through 23 are re-
plotted with only Braunau's data and error bars in Figure 24. From this
figure one sees that an enrichment of 130Xe and 132Xe and a depletion of
lZSXe, 129Xe, and 131Xe will qualitativély produce the unusual results
seen. This suggests that neutron capture might be the source of these
anomalies, since the odd N isotopes of this even Z element have greater
neutron capture cross sections, in general.

To investigate this possibility at least semi-quantitatively,

the following simplified calculations were carried out. Assuming that
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131, ,132

the initial Xe/ ““Xe ratio in Braunau had the solar wind value of

0.823, and that the change in the ratio to its present value of 0.782
is due solely to neutron capture on 131Xe, the required neutron flux

may be estimated:

213 Xe (cnsTP/g) = (neutron £1ud) (131Xe0)0131 ) IV. (12)

131

The change in the Xe concentration is represented by A131Xe; the neu-

tron flux is in neutrons/cmz; 131Xe0 is the initial, pre-irradiation

£ 131 3

concentration o Xe in Braumau in cm

131Xe in c:mz; and t is the neutron irradiation

STP/g; 0131 is the neutron cap-
ture cross section of
interval, assumed to be equal to the average cosmic ray exposure age of
Braunau (1.9 x 10%%s).

The resulting flux necessary for this conversion of 131Xe to
1:"'ZXe is 1.6 x 106 neutrons/cmzs for the thermal neutron capture cross
section of 90 barns, and 1.7 x 10° neutrons/ dnzs for the resonant "integral
neutron capture cross section of 870 barns. Both of these fluxes are
well above that expected to result from spallation reactions (approx-
imately 5 to 20 neutrons/cmzs; Clarke and Thode, 1964), but as noted

20-21 neutrons/cm2 is consistent with theoretical predictions

132

earlier, 10

in supernovae. Since the Xe resonant integral for neutron capture is

only 4.5 barns, neutron capture on 132Xe can be safely ignored.

The same calculation must also be carried out for the enrich-

130 129

ment of ~~"Xe by neutron capture on

128

Xe, and for the depletion of

Xe, to determine if the derived neutron irradiation flux required to
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produce the observed anomalies remains constant. For 129)(e there is the

129

problem in knowing what the initial Xe/ 132Xe ratio might have been

because of the possibility of 123

129

I decay contributions to the present

Xe concentration. For this estimate, the initial 129)(e concentration
was assumed to be equal to the initial 132Xe concentration derived in
the above calculation. The flux necessary to convert that initial 129Xe
concentration to that seen presently in Braunau was 1.5 x 106neutrons/
cmzs for the thermal neutron capture cross section of 20 barns, and 1.2
X 105 neutrons/cmzs for the resonant integral neutron capture cross sec-
tion of 250 barns. This is only a lower estimate of the flux required,
because unlike the previous case, the nuclei being produced, 13OXe, does
not have negligible neutron capture cross sections relative to the nuclei
on which the neutron capture ‘is taking place. The thermal neutron capture

Cross section of 130

Xe is 5.4 barns and the resonant integral cross sec-
tion is 115 barns.

Within the obvious limitations of this admittedly first-order
estimate, the neutron fluxes required in the above calculations are con-
sistent, although high. In both cases the depletion produced in the nu-
clei capturing neutrons was approximately 3%.

The most dramatic anomaly in Braumau, however, is at the isotope
1‘?‘zg)(e. Even though the resonant integral for neutron capture on 128y is
330 barns versus the thermal capture cross section of 4.4 barns, the ave-

rage high energy neutron flux of about 1.5 x 105 neutrons/ cmzs calculated

above is insufficient to produce the change in the 128Xe/ 132Xe ratio
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from that of the solar wind (0.0831) to the measured value of 0.0618. A
minimm flux of 3.9 x 106 neutrons/cmzs is necessary to produce the 24%

depletion of the initial 128Xe concentration this mechanism suggests.

The drastic depletion of 128

128Xe/132

Xe required to alter the solar wind
Xe ratio and the inconsistency between the derived neutron
fluxes needed to produce the different xenon isotopic enrichments makes it
very doubtful that neutron capture on a xenon composition similar to that
of the solar wind is responsible for the presently measured xenon com-
position in Braunau. However, because of the qualitative agreement be-
tween the observed anomalies and the depletions one would predict from
the neutron capture cross sections, this line of reasoning seems worth
pursuing further.

One possibility is that the assumed solar wind composition as the

128

initial trapped Braunau composition is incorrect. The atmospheric Xe/

13?‘Xe ratio equals 0.0714, so the 128

Xe depletion required by assuming an
initial xenon composition of atmospheric xenon is less than that calcu-
lated above. Nevertheless, the depletion necessary is more than 12%.
Furthermore, the fluxes deduced for the enrichment of 130Xe and 132Xe
differ by more than an order of magnitude. Thus neutron irradiation of
an atmospheric xenon composition also shows poor agreement with the ob-
served Braunau xenon isotopic ratios.

One initial xenon composition which could possibly produce the

Braunau data is the s-xenon seed composition assumed by Dziczkaniec

(1980) in her investigation of nuclear processes in massive stars:
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128Xe: 129Xe: 130Xe: 131Xe: 132Xe —

0.1330: 0.0533: 0.3920: 0.1500: = 1.000

128Xe is the only nucleus which is only destroyed and not formed

during the neutron irradiation, its concentration relative to 132Xe can

129Xe and 131Xe abundances relative to

Since

only decrease. Also, the initial

132Xe are so much lower than in solar wind or atmospheric compositions

130 132

that their contribution to the Xe and Xe concentrations, respec-

tively, will be small shortly after the start of the irradiation. This

28

permits the loss of 1 Xe to continue for a longer interval before pro-

130 132

ducing significant enrichments at Xe and Xe.

Unfortunately, this qualitative discussion is all that can be
offered at this time. Dziczkaniec (1980) did not investigate low enough
neutron fluxes to be able to test this hypothesis at present. It is
hoped that future analysis in this area will yield a simultaneous solu-
tion for all the xenon isotopes which matches that seen in Braunau.

In any in situ neutron irradiation of Braunau there is a problem

124 126X

with the light isotopes Xe and e. The 124Xe resonant integral

for neutron capture is extremely large (3000 barns), so if neutron irrad-

128 132Xe, 130 e/132

Xe/ X Xe and

126

lation were the mechanism for altering the

131, _,132 124

Xe/""“Xe ratios in the meteorite, the Xe/"“"Xe ratio should be

anomalously low. Since it is not, if a strong neutron irradiation is the
reason for the anomalies seen in Braunau, the irradiation must have taken

place sometime prior to the time the xenon was trapped in the meteorite.

124

The puzzling corollary is that the loss of Xe must have been made up
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24

by the addition of a 1 Xe rich gas prior to trapping the mixture in

the meteorite parent body.
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E. Mineral Separates from Odessa
1) Introduction

There have been more precursor studies of the heavy inert gases
from inclusions in iron meteorites than from the metal phase itself.

This is because the concentrations of krypton and xenon are considerably
greater in such samples, hence the greater likelihood of finding anoma-
lous, and therefore interesting, compositions. Also, the experimental
obstacles in the study of inclusions are not so difficult to overcome.
Still, the number of these reports on krypton and xenon is not large, but
investigations of inclusions restricted to the light inert gases, helium,
neon, and argon, are quite numerous. Except for analyses of troilite
and/or graphite from the Odessa meteorite, these latter reports will be
disregarded here.

By far the most common published result for such investigations
of krypton and xenon is that of a distinct 129Xe excess. This excess has
been seen in troilite inclusions from iron meteorites (Reynolds et al.,
1962; Alexander et al., 1968), in graphite (Alexander and Manuel, 1967;
Alexander and Manuel, 1968), and in silicate (Alexander and Manuel, 1968;
Hintenberger'gg_gl.;1969;Bogard et al.,1971). This excess was in gen-
eral attributed to the decay of 1291, but some investigators felt that a

portion of the excess 129

Xe could be trapped (Bogard et al., 1971).
These same references report varying concentrations of trapped

krypton and xenon, but only in the silicate inclusions was this trapped
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composition distinct from that of atmospheric gas. The xenon measure-
ments from silicate inclusions of Xiquipilco (Alexander and Manuel,
1968) and Pine River (Bogard et al., 1971) required the presence of ave-
rage carbonaceous chondrite (AVCC) xenon to account for the data.

Another often seen effect are excesses at 80Kr, 82Kr, 83Kr,

128 131

Xe, and Xe, presumably due to neutron capture reactions on bromine,
selenium, iodine, and tellurium. This has been observed in troilite
(Clarke and Thode, 1964; Alexander et al., 1968), graphite (Alexander
and Manuel, 1967 and 1968), and silicate inclusions (Bogard et al.,

1971) of iron metecorites.

The interpretation of the data for the light inert gases from
iron meteorite inclusions is complicated by the presence of cosmogenic
gas. Relatively small amounts of spallation krypton and xenon are found
in the non-metallic phases of these meteorites, so that applying correc-
tions for this component does not introduce a great deal of error in the .
deduced trapped components.

In only one previous instance have all five inert gases been
measured by onpe investigator in the metal, graphite, and troilite phases
of an iron meteorite. The Deelfontein meteorite studied by Fireman and
DeFelice (1968) is a coarse octahedrite which they determined had a
cosmic ray exposure age of 400 + 40 million years. The Odessa meteorite
analyzed for these same three phases in my work is also a coarse octa-
hedrite, and its average cosmic ray exposure age is about 500 million

years (see Table 3). Thus these two meteorites should provide an
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interesting comparison.

Begemann (1965) has measure the helium and neon isotopes from
two different troilite samples taken from Odessa inclusions. The result-
ing average isotopic ratios reproduced below may be compared to those in

Tables 3 and 7:

3 e 20 e 20y 21ne

He T Ne 70 ) 77

He Ne Ne Ne

4.6 x1077 6.67  2.99 x 1078 102 0.856 0.870
The 3He and 20Ne concentrations are in r:mSSTP/ g.

2) Metal and Troilite

Of the mineral separates analyzed, only the sample labeled as
troilite in Table 3 will be discussed here. The discarding of the non-
magnetic "troilite" aliquot was justified earlier due to the very nature
of its name--presumably troilite (FeS) should be magnetic. This sample
was that left after a purifying magnetic separation and was run on the
chance that it might produce useful results.

An examination of the helium, neon, and argon data from the three
phases of Deelfontein and Odessa show remarkably similar trends. As was
discussed in section IV. B., the results for these gases from the metal
phase of Odessa may be interpreted almost entirely as spallation products,
and this is also true for Deelfontein.

The troilite phase analyzed in my work and those analyzed by

Fireman and DeFelice (1968) and Begemann (1965), also show definite
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evidence of a strong spallogenic component. Relative to the metal phase,
the 4He/ 3He and 36Ar/ 38Ar ratios increase and the 21Ne/ 22Ne ratio de-
creases in the troilite of both Odessa and Deelfontein. This would be
consistent with the admixture of a small amount of atmospheric gas, ex-
cept that in both meteorites the ZONe/ 22Ne ratio in the troilite de-
Creases relative to the metal phase, which is the opposite of what such
an interpretation would predict.

This is a striking result which suggests the presence of a neon

22Ne) in iron meteorite inclu-

component similar to that of Ne-E (pure
sions. The possibility of Ne-E making a significant contribution to the
neon in iron meteorites was discussed with respect to the metal phase
sample of Cedartown and Figure 11 in section IV. B. Why this component
would be preferentially located in the troilite phase is not clear.

The low concentration of argon in the metal phase of Odessa
shows up again in the fact that 20Ne/ 36'Ar in the metal is greater than
ZONe/36Ar in the troilite. The normal, but reverse behavior is seen in
Deelfontein. In troilite, both iron and sulfur contribute to the produc-
tion of cosmogenic neon, and since sulfur is closer in mass to neon than
is iron, the production of neon in troilite should be favored over that
in the metal phase.

Assuming the troilite to be pure FeS, then the difference in the
21Ne/38Ar ratios in the metal (assumed all iron) and the troilite phases
can be used to calculate the relative cross sections of sulfur and iron

21 21 38

for the production of “"Ne, 0821/0Fe21‘ The “"Ne and " Ar isotopes are
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chosen for this calculation because in neon and argon cosmogenic compo-

nents show up most .prominently in these two isotopes. Since 38Ar can-

not be made by spallation from sulfur:

21 21

21Ne] - (GS * Ope )
38 S 38

Ar | troilite GFe

or
21 38

o o] 21

S2 - Fe2 Ne -1 Iv. (13)
OPe 1 OFe 1 38Arv troilite

The ratio is 0.93 when this is done for Odessa, while using the data from
Deelfontein give 4.02. Since cosmic rays on sulfur in troilite should be
approximately 17 times more effective in producing 21Ne than cosmic rays
on iron (Mazor et al., 1970), the underabundance of argon in the Odessa
metal sample continues to be puzzling.

The absolute amounts of krypton and xenon were only known within
about 50% accuracy for the Deelfontein samples due to blank values and
the procedures used by Fireman and DeFelice (1968) . Thus their heavy inert
gas isotopic ratios have much larger standard deviations than those for
the present analyses of Odessa.

The krypton concentrations in the mineral separates of Odessa are
more than two orders of magnitude greater than in the metal phase, and the
troilite phase shows very strong enrichments at the light krypton isotopes

T8 xr and 80Kr. The troilite data are very similar in Odessa and
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Deelfontein except at 83Kr/ 84Kr. Troilite appears to be the host mineral
for selenium in meteorites (Pelly and Lipschutz, 1971), and the large ex-

cess in Deelfontein at 83 83

Kr was attributed to neutron capture on ““Se by
Fireman and DeFelice (1968).

The 83Kr/84Kr ratio in the Odessa troilite is much smaller than
that measured in Deelfontein. Assuming the 83Kr/ 84Kr ratio in the troi-
lite phase of Odessa was originally the solar wind-atmospheric value of
0.202, the concentration of selenium necessary for neutron capture on

828e to produce the presently measured ratio of 83Kr/84Kr = 0.231 can be

calculated, If the 84

Kr abundance is the same as it was initially, the
flux of neutrons is taken as that expected from secondary spallation re-
actions of approximately 5 neutrons/cmzs and the irradiation interval
equals the average cosmic ray exposure age of Odessa, then the selenium
concentration required for neutron capture on 82Se to produce the excess
83Kr seen is 270 parts per million. This concentration fits into the
range of values reported by Pelly and Lipschutz (1971) for the troilite
phase of iron meteorites (130-300 ppm).

Assuming the 82Kr/84Kr ratio in the Odessa troilite initially
equaled the solar wind-armospheric value of 0.202, the bromine concentra-
tion necessary in that phase to produce the excess 82Kr from neutron cap-
ture on 81Br may be deduced by a similar calculation. With the same
assumptions as above, the bromine concentration required is 0.48 parts

per million. As noted earlier in section IV. C., the bromine abundance

in the metal phase of iron meteorites was estimated as being on the order
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of 0.1 ppm (Reed, 1971). Its abundance in a troilite inclusion of an
iron meteorite has never been measured, but in contrast to selenium, it
is thought to be in minor, inhomogeneously distributed phases of meteor-
ites (Dodd, 1969). Thus the smaller concentration of bromine than sele-
nium and the consequent smaller enrichment of 82Kr relative to 83Kr is
understandable.

Using this derived bromine abundance of 0.48 parts per million,
the amount by which SOKI will be enriched by neutron capture on 79Br may
be predicted. Assuming the initial 80Kr/84Kr value equaled the solar
wind-atmospheric ratio of 0.0396 and the conditions above, the predicted

80Kr/84

present Kr value is 0.102. Within the errors of the calculation,

this is in good agreement with the measured ratio of 0.106 * 0.004.

The 78Kr results from Deelfontein were discarded by Fireman and
DeFelice (1968) because they felt contamination from handling was strong-
ly evident in their data. In Odessa 78Klr/84Kr = 1.19, which is extra-

78 80Kr in the metal phase of

) . . .78
a number of meteorites were noted in section IV. C. The excess in ' °Kr

ordinarily large. The enrichments in ‘“Kr and

seen here is unlikely to be from the same source because it is not cor-
related with a like excess in 80Kr. Ignoring the possibility of contri-

79Br, the excess 78Kr seen in the

butions to 8OKr from neutron capture on
troilite of Odessa is about 56 times that seen in the metal phase whereas
the excess 80Kr seen in troilite is only about 3.2 times that seen in the
metal phase. If there is a contribution to 80Kr from neutron capture on

79Br in the troilite, the disparity in the excesses would be even greater.
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78

Thus, my conclusion is that the '“Kr data from the troilite of Odessa has

a large hydrocarbon component.

The xenon in the metal phases of Odessa and Deelfontein differ

at every mass except 129Xe. Despite the uncertainties in their measure-

ments, Fireman and DeFelice (1968) see large excesses in the metal phase

at 124Xe, 126Xe, 128Xe, and 131Xe, which they attribute to a large spal-

lation component. Since these two meteorites have similar cosmic ray
exposure ages, either the Odessa sample has distinctly different heavy
trace elements as spallation targets, or it originated from a more well
shielded location within its parent meteoroid. The pronounced heavy iso-

134 136

tope enrichment at Xe and Xe in Odessa discussed earlier is absent

from Deelfontein.
The xenon composition in the troilite phase of Odessa is the
most anomalous of the three phases analyzed relative to the solar wind

124Xe, 126Xe, and 128

124X€/132

Xe contain a spallo-
126Xe/132

composition, The light isotopes

genic component in the troilite, with Xe, and

128Xe/132

Xe,
Xe values significantly greater than in the other phases. Also

striking in the troilite is the high 134Xe/ISZXe ratio, which does not

136Xe/lSZXe ratio expected from the admix-

244

have the correspondingly high

ture of a heavy xenon isotope rich component such as Pu fission xenon

134

or H-Xe. It is not clear how such a large excess at Xe could be pro-

136.

duced without affecting Xe by an even greater amount.

1
133Can,Y)‘34CS(Bf)134

13

One possibility is the reaction Xe, since

the resonant integral for neutron capture on 3Cs (the only stable
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cesium isotope) is a relatively large 421 barns. Unfortunately ,no deter-
minations of the concentration of this element have been made in any iron

meteorite or iron meteorite inclusion, so whether there could be suffi-

134

cient cesium in the troilite phase to produce such an excess at Xe 1is

speculative.

The troilite from Deelfontein is extremely anomalous at 129Xe

l31)(e. The 129Xe/lsz)(e ratio of 3.45 is one of the largest observed

129 129

and

in meteorites. The excess Xe can arise from extinct I or from neu-

tron capture on 128Te since both iodine and tellurium are concentrated

129

in troilite (Goles and Anders, 1962). Since the excess Xe is 5 times

13 128Te and 13OTe abundances and

larger than the excess 1Xe despite the
neutron capture cross sections being approximately equal, Fireman and
DeFelice (1968) conclude that at least four-fifths of the 12QXe excess

129 129

mist be due to I decay. The Xe excess is also largest in the

Odessa troilite phase , and surprisingly, the excess is also 5 times

131

larger than the excess Xe, so one may arrive at the same conclusions

as to their source as in Deelfontein.
3) Graphite

The data from the mineral separate labeled as "graphite from
sawings" in Table 3 are questionable for the following reason. The
graphite recovered by acid treatment of the Odessa sawings was an ex-
tremely fine powder. Some of the data from this sample agree well with

the graphite sample mined directly from the inclusions, but there are
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distinct indications that the large surface area of this powder absorbed
a significant amount of atmospheric gas during its handling. Due to this
admixéd' :component, . this sample will not be considered further.

In the graphite phase of Odessa the concentration of 3He is
approximately the same as in the metal and about one-fourth of that seen
in the troilite. Assuming the graphite separate to be pure carbon and
the helium to be entirely cosmogenic in origin, the 4He/SHe ratio of 8.07
indicates that spallation on carbon will produce 4He approximately 2.2
times more frequently than 3He, relative to "boiled off" helium resulting
from spallation reactions on iron and nickel in the metal phase where
Te/3He = 3.60.

However, the neon data from the graphite separate suggest that
there is a trapped light inert gas component as well as a spallogenic one.
Spallation neon and argon cannot arise from the carbon in graphite, so
any cosmogenic component for these two gases must be the result of nickel-
iron and/or trace minerals embedded in the graphite or gas implanted by
recoll from the surrounding phases. The graphite was washed in acid to
remove any of these other phases attached to the outside of the excavated
graphite chunks, but obviously some impurities were located within these
chunks.

The 20Ne/ZZNe and 22N'e/21N'e ratios are substantially larger in
the graphite than in the troilite or metal phases in both Odessa and
Deelfontein, which could be due to either atmospheric contamination or an

indigenous component. Figure 11 shows that the neon composition in
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Odessa graphite plots exactly on the solar wind--spallogenic neon mixing
line, so a two component mix of trapped primordial solar wind neon and
spallogenic neon is the most reasonable interpretation of the data. A
two component mix of 16% solar wind neon and 84% cosmogenic neon yields
the neon composition measured in the Odessa graphite.

If the helium data are altered by assuming 16% of the helium is
due as well to a trapped primordial solar wind component, the resulting
cosmogenic 4He/3He carbon production ratio is 6.78. This is a lower
limit since the graphite separate is obviously not pure carbon if 84% of
the neon is due to spallation.

By examining the argon data it is possible to obtain further
information on this non-spallogenic component. The high 36Ar/38.Ar ratio
of 3.98 in Odessa graphite strongly indicates an indigenous inert gas
component in this phase, since the cosmogenic 36.Ar/38.Ar ratio equals 0.64.
It is not as clear as in neon what argon component (or components) should
be mixed with spallogenic gas to give the observed argon composition,
especially since both the solar wind and atmospheric 36Ar/38Ar ratios are

40

about 5.3. However, on the assumption that all the "“Ar in Odessa is the

result of atmospheric contamination (40Ar z 0 in the solar wind), the

8Ar ratio is 2.05. If this ratio is the result of a two

corrected 36Ar/3
component mix of solar wind and spallogenic argon, the derived composi-
tional mix is 30% solar wind and 70% spallogenic argon.

The inconsistency between the percentage of primordial inert gas

derived from the neon and argon data could be resclved by the presence of
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minerals. in the graphite which favor the spallogenic production of neon
over argon. One mineral which would accomplish this, and which is almost
certainly embedded in the graphite, is troilite. As noted in the discus-
sion of the troilite separate, cosmic rays on sulfur are approximately
17 times more effective in producing neon than cosmic rays on iron, and
since the graphite and troilite inclusions were adjacent in Odessa, it is
likely troilite impurities will be present in the graphite phase.
If one assumes that the percentages of spallogenic neon and

argon deduced above are correct for those gases, the amounts of cosmo-

genic 21Ne and 38A.r can be calculated:
“INe_(graphite) = 1.30 x 1078 cndsTP/g

38 . _ -8 3
Arc(graphlte) =1.06 x 10 ~ cm™STP/g.

These abundances make it possible to derive the weight percentages of
iron, nickel, and sulfur in the graphite mineral separate, assuming these

are the only elements present other than carbon.

21 8

The production ratios of cosmogenic ““Ne and 3 Ar are given by

Mazor et al. (1970):

21NeC = 2.2(Mg) + 1.35(A1) + Si + 0.29(S) + 0.17(Ca)
+ 0.017(Fe + Ni) IV. (14)
and
38, .
Ar = 16.5(Ca) + (Fe + Ni) Iv. (15)
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where the elemental symbols represent the weight percent of the element
in the sample. These production ratios are normalized to a class of

stony meteorites called hypersthene chondrites, which have absolute pro-

duction rates of:

P(*!Ne_) (chondrites) = 3.77 x 10™° cn’sTPg lmyr ™

5.26 x 10710 en®stPg Imyr !

P( 38Ar c:) (chondrites)

(Mazor et al., 1970).

When the average hypersthene chondrite chemical composition in

weight percent (Mason, 1965) is substituted into equations IV. (14) and

“INe_ = 55.15 and ar_ = 45.14. Maltiplying

IV. (15), the results are
the absolute cosmogenic production rates of P(ZlNe C) (chondrites) and

P(38Ar C) (chondrites) by the average Odessa cosmic ray exposure age of

530 million years:

21 .
Ne_(graphite) _ 0.29(S) + 0.017(Fe + Ni) V. (16)
P(21Nec) (chondrites) x 530 myr 25.15
and
38 .
Ar_(graphite) .
c _ (Fe + Ni) V. (17)

P(SsArC)(chondrites) x 530 mr  4°-14
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Equation IV. (17) gives the iron plus nickel weight percentage in graph-
ite as 1.71%. Substituting that result in equation IV. (16) gives the
sulfur weight percentage in the graphite as 1.13%.

The ratio of the atomic weights of iron and sulfur is 1.75, so
if troilite is the only trace mineral in the graphite, the ratio of their
weight percents should also be 1.75. However, (1.71/1.13) = 1.51, so
even assuming no metallic nickel-iron, the initial assumption of only
troilite and nickel-iron impurities in the graphite phase is incorrect.
Unless there is free sulfur in the graphite, to lower the derived sulfur

ZlNeC (graphite) requires trace abundances of any

content the abundance of
or all of the elements magnesium, aluminum, and silicon.

The addition of calcium would decrease the weight percentage of
nickel-iron, so unless there was a substantial amount of magnesium, alu-
minum, and silicon, adding calcium would cause a poorer fit assuming no
free sulfur. It should be noted that whatever the calcium content might
be in the graphite sample, the maxnmm weight percentage of elements
which can produce 3SAr by spallation remains at 1.71% in this analysis.
Since heavy elements such as nickel and iron are not unlikely to be pre-
sent, this suggests the purity of the graphite sample is quite high.

The krypton data in the metal and graphite phases of Odessa re-
semble one another and the composition of the atmosphere closely. How-

78Kr and 8oKr enrichments. The Deelfontein krypton

ever, again there are
measurements are reported as being within 10% of the atmospheric ratios

for the metal and graphite phases, so the only possible differences
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between the two meteorites might be at 78Kr and 80Kr.

The 82Kr/ 84Kr and 83Kr/ 84Kr ratios have atmospheric-solar wind
values within experimental error, so neutron capture on bromine and
selenium does not appear to have produced significant amounts of krypton
in the graphite phase. This suggests that the light isotope enrichment
seen in graphite might prove a good estimate of the composition of that
component. Assuming the krypton data from the graphite inclusion to
result from a two component mix of atmospheric-solar wind and the propos-
ed light isotope (78Kr and 80Kr) rich krypton component, the 78KI'/80Kr
ratio calculated for this light component is 0.375. Of course, this com-
ponent is not necessarily the same one as that seen in the metal phase.

In both Odessa and Deelfontein the graphite phase has the great-
est concentration of xenon. The graphite from Odessa resembles that of
the metal phase, except here there are enrichments in the spallation pro-
duced isotopes 12a’)(e, 126)(e, and 128Xe. Although the 1 2QXe excess is
only about one-fourth that seen in the troilite sample, since there is
about four times as much xenon in the graphite, the concentrations of ex-
cess 129)(e are approximately equal. This is somewhat unusual if the

129 129

Xe excess in graphite is due to in situ decay of I since the iodine

129

should be concentrated in the troilite. If the excess Xe is not due

129

to in situ decay of I in the graphite, the most plausible interpreta-

tion is that the graphite phase trapped a primordial xenon component

129

from a reservoir in which I had decayed quantitatively.



191

The metal, troilite, and graphite phases of Odessa all seem en-

134

riched in Xe, but only the metal phase also has a 136Xe overabundance

relative to atmospheric xenon. Since all the heavy isotope rich xenon
components favor 136Xe over 134Xe, these data from the graphite and

troilite inclusions are very puzzling.



V. CONCLUSIONS

A. General Results

The inert gas compositions of the meteorites analyzed were sur-
prisingly complex. The samples from meteorites known to have long cosmic
ray exposure ages tended to follow the predicted spallogenic patterns,
but where the spallogenic gas was not so overwhelming, it was possible to
see trends suggesting other inert gas sources. Mineral separates from
Odessa inclusions brought out prominent compositional differences in
side-by-side samples.

A number of conclusions can be reached with regard to all the
inert gases in these meteorites:

(2) All of the meteorites contain evidence of having a spallogenic
gas component. This is unsurprising, especially in helium, neon, and
argon. Since iron meteorites are composed of approximately 90% iron and
10% nickel, the interaction of galactic cosmic rays with the parent mete-
oroids will produce an abundance of those inert gases lighter than these
target elements. Cosmogenic krypton and xenon in the metal phase will be
the result of spallation reactions on the heavy trace elements. This
leads to a second general conclusion.

(b) The trace element abundances (both light, i.e. less than nickel-
iron, and heavy) and the siting of any sample are crucial to the cosmic ray
produced inert gas composition and concentration. Many of the smaller vari-

ations seen may be attributable to these two factors. Unfortunately, the
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trace element abundances most like'ly to produce inert gases by spalla-
tion reactions are not well known in iron meteorites, especially for
krypton and xenon. The amount of cosmic ray shielding each sample has
had is also unknown.

(c) Due to the average cosmic ray exposure age of the present mete-
orites being significantly shorter than that of a random sample of iron
meteorites, indications of non-spallogenic compositions may be seen which
might otherwise have been obscured. This behavior tends to correlate
with the exposure age in that those showing the greatest deviations from
spallogenic compositions have the shortest exposure ages.

(d) The data from many of my samples indicate an atmospheric-like
trapped gas component. It is not possible to definitively state whether
or not this gas is primordial or has been introduced to the meteorite by
Contamination. There are instances where supporting evidence can be
given for the primordial interpretation, but despite this and the experi-
mental precautions taken, contamination can never be ruled out entirely
as a means of at least providing some of the evolved "atmospheric" gas.

(e) Those meteorites which show anomalous behavior for one inert gas
tend to be anomalous for the others as well. This is true not so much in
the cases where a specific mechanism for producing the anomaly is known

129 1291) » but where there is a general disagreement

(i.e. Xe from extinct
throughout the given gas with an expected gas composition such as solar

wind or cosmogenic.
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B. Metal Samples
1) Helium, Neon, and Argon

Although the main purpose of this project was to study krypton
and xenon compositions in the metal phase of iron meteorites, the vari-
ations seen extended to the light inert gases as well. A significant
difference exists between cosmogenic composition models for helium, neon,
and argon and the data seen in the analyzed samples. The results point
out the wide disparity of isotopic compositions and concentrations meas-
ured by different investigators of the same meteorite, and even the
same investigator analyzing different samples of the same meteorite.

In helium the meteorites Babb's Mill, Braunau, Cedartown, and
Sierra Gorda had the 3He deficit seen previously in many iron meteorite
metal samples. Braunau, Cedartown, and Sierra Gorda are all hexahedrites,
a structural classification noted for commonly having this anomaly. One
hexahedrite, Tombigbee River, did not follow this trend, although in
previous analyses it had.

Neon data provide the most conformity to the predicted spallo-
genic ratios. Twelve of the 15 iron meteorite metal samples cluster
around the cosmogenic 20Ne/ZZNe and 21Ne/zzNe ratios. The Babb's Mill
and Braunau neon data definitely indicate a solar wind and/or atmospheric
admixed component with the spallogenic neon, but the errors in the mea-
surements preclude a choice between the two components. Most remarkable

is that the Cedartown neon data trend in the direction of a component
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22Ne .

previously observed only in carbonaceocus chondrites--pure

Argon abundances were anomalously low in a number of meteorites
relative to the concentrations expected from the helium and neon concen-
trations. The most plausible explanation appears to be that these sam-
ples with low argon concentrations contain an unusual amount of trace
minerals and possibly a chondritic-like trapped light inert gas component.
Again, the most anomalous meteorites (i.e. those héving the highest
36Ar/ 38Ar ratios) were those with the shortest cosmic ray exposure ages,
Babb's Mill and Braunau.

The only meteorite studied which did not have its cosmic ray
exposure age previously determined was Edmonton (Kentucky). The data for
this meteorite plot consistently with that of Tombigbee River for the

light inert gas isotopes, so the prediction is that Edmonton will prove

to have a similar exposure age of approximately 500 million years.
2) Krypton

Many of the iron meteorites have krypton data which is consis-

tent with a mixture of solar wind-atmospheric krypton and spallogenic gas.

78Kr, 80Kr and possibly

However, about half the samples show excesses at
82Kr over that expected from such a mix. There are a number of alterna-
tive explanations for these anomalies:

(a) The light isotope enrichments seen in krypton are consistent
with a two component mixing model of solar wind-atmospheric and spallo-

83

genic krypton with a deficit of "“Kr in the spallogenic component.
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A 83Kr deficit may be produced by a fluence of thermal neutrons on the
order of 1021 neutrons/cmz. This mechanism requires the irradiation take
place prior to trapping the krypton in the sample, because neutron cap-
ture effects on other elements would cause more than four orders of mag-
nitude more krypton than that measured if the irradiation occured in situ.
Such high fluences of neutrons are generally associated with supernovae
remnants.

(b) Assuming bromine abundances similar to those measured in iron
meteorites and a flux of neutrons consistent with that expected from sec-
ondary spallation reactions, neutron capture over the cosmic Tay exposure

79 81

age of the meteorite on '“Br and “"Br can produce enrichments on the

80Kr and 82Kr. The 82Se abundance and neutron

order of those seen in
Capture Cross section are too low to cause an anomaly in 83Kr in the metal
phase. However, this interpretation does not explain the observed 78Kr
enrichments, which are .significant despite large errors.

(c) An alternative possibility is that the light krypton isotope
(bothl 78KI‘ and 80Kr) excesses measured relative to a solar wind-atmospheric
and spallogenic krypton mix are from trapped gas produced during nucleo-
synthesis deep in a massive star, specifically' in the silicon burning
shell. Theoretical calculations predict large over-production factors of
78Kr and 80Kr in this case, but it is not clear how such matter could

have gotten into an iron meteorite metal sample.
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3) Xenon

The conclusions which can be reached for the xenon data from the

iron meteorite metal samples are perhaps the most important of this work:
(a) The majority of meteorites contain xXenon compositions which may

be most easily explained as a mixture of solar wind, atmospheric, and
spallation xenon, precisely the same conclusion as that drawn for the
krypton data. This is in itself a new result of this study, since prior
investigators assumed only that atmospheric and cosmogenic xenon were
present in iron meteorite metal samples.

129

Most samples have small Xe excesses attributable to the decay

of 129

I. Other xenon compositions were also seen in specific meteorites,
as will be noted in the following results.
(b) Four meteorites, Babb's Mill, Cedartown, Dayton, and Odessa show

134 136

evidence of having excesses at Xe and Xe due to fission xenon from

238U or 244Pu, or an admixture of the H-Xe component. These heavy isotope
rich components had only been seen previously in mineral Separate samples
from iron meteorites.

(c) The Sierra Gorda meteorite is remarkable in having anomalies
consistent with a mixture of solar wind, spallation, and s-Xe components.
The s-Xe component had been deduced from the carbon-rich residue of a
carbonaceous chondrite, a vastly different enviromment than a bulk mete-

orite sample. This evidence for an s-Xe like component is also a new

result of this study.
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(d) The Braunau meteorite is abnormal in that it contains a Xenon
component not hitherto seen in any meteorite, stony or iron. The xenon
composition is most anomalous in having a large 128Xe deficit relative

to any known components.
4) Babb's Mill and Braunau

Two of the metal phase samples deserve further discussion. The
Babb's Mill and Braunau samples had the highest 4He/3He, ZONe/ 22Ne, and
36Ar/ 38Ar ratios of all the meteorites. Each of these ratios indicated
the presence of a non-spallogenic light inert gas component. In krypton
and xenon these two samples also had unique compositions.

Babb's Mill is striking in its krypton composition in that it
showed little or no evidence of an excess or spallation component at any
isotope. Thus its composition mimics the atmospheric and solar wind
values closely. It is plausible that this is its primordial composition
since it has an extremely short cosmic ray exposure age. Babb's Mill
also has distinctive xenon data which follow the pattern expected for a
mixture of solar wind gas with a heavy isotope rich (134Xe and 136Xe)
component. Again the data indicate very little spallation produced gas.

The inert gas data from Braunau suggest it trapped gas from a
reservoir which had undergone a strong neutron irradiation. This could
explain the observed underabundance of 3He and its odd krypton and xenon
compositions. The required neutron fluences are very large, so this ir-

radiation cannot be an in situ production mechanism. The neutron capture



199

128 129

cross sections of Xe, Xe, 130 131 and 132

Xe, Xe, Xe permit the ten-
tative hypothesis of neutron capture as the reason for Braunau's anoma-
lous composition, but the suitable pre-irradiation composition is not an
obvious one. An initial composition resembling that of the S-process

seed in a massive star is promising, but requires further investigation.



200

C. Odessa Inclusions
1) Troilite

The data from the Odessa inclusions provide an illuminating con-
trast in inert gas compositions. The helium, neon, and argon in the

troilite phase are dominated by spallation, but the neon data are indic-

22

ative of a possible component of pure ““Ne. Overall, the spallation

spectrum seen in the troilite is slightly different than that in the

metal due to small changes in the spallation target element abundances.

In krypton the troilite phase has positive anomalies at 80Kr, 82Kr, and

83Kr relative to the atmospheric composition. These enhancements are

consistant with neutron capture on 79Br, 81 82

Br, and "“Se, respectively,
where the neutrons are provided from secondary spallation reactions
during the cosmic ray exposure age of the meteorite. The 78Kr data were
unreliable in the troilite phase, presumably due to hydrocarbon inter-
ference.

In xenon spallation is prominent in the troilite as is an excess

at 129Xe. Since iodine is expected to be enriched in the troilite phase,

129

extinct 1291 appears to be the cause of the Xe excess, although neu-

tron capture on 128Te may be partly responsible.

2) Graphite

Although spallation can produce helium in pure graphite, neon
and argon spallation components can only be derived from impurities in

that phase. Because of this, trapped components were clearly evident in
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the neon and argon data from the graphite inclusion. These two inert
gases were consistent with a two component mix of trapped solar wind and
spallogenic gas, but the argon data required a small atmospheric compo-
nent to account for the 4OA:r concentration. A comparison of the spallo-
genic neon and argon components allows an estimate of the trace mineral
concentrations in the graphite phase.

In krypton the graphite data resemble that of the metal phase

78 80K

and the atmospheric composition, except at ' Kr and r. This permits

an estimate of the light krypton component composition: 78Kr/SOKr = 0.375.

129

In xenon, despite the Xe excess being smaller in the graphite

phase than in the troilite, because the graphite has a greater concentra-
tion of xenon, the total concentrationsof excess 129)(e are approximately

the same. This could be indicative of the Odessa inclusions having a

129

primordial trapped xenon component witha ~““Xe enrichment. If all three

phases of Odessa derived their inert gases from a reservoir where there

129

was an excess of Xe, the graphite would trap a primordial composition

129

enriched in Xe beyond that expected from its iodine content because

xenon has its greatest concentration in graphite. Thus essentially all

the 129Xe in the graphite would not have arisen from in situ decay of

1291, whereas the reverse would be true in the troilite phase.

All three phases of Odessa have a positive 134Xe anomaly rela-
tive to atmospheric xenon, but only the metal phase also has a 136Xe
excess consistent with that expected from a heavy isotope rich component.

Possibly the 134Xe excess seen could also be derived from a primordial

reservoir.
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D. Summary

While there is evidence of non-spallogenic gas components in
virtually all the meteorite samples, there are anomalies within the metal
phase of Babb's Mill, Braunau, and Sierra Gorda which strongly suggest
that ifon meteorites do contain trapped, primordial inert gases. The
data from the Braunau sample in particular are inconsistent with a mix
of spallogenic gas and gas of either atmospheric or solar composition.
At least these three meteorites should have further, more precise,

determinations made of their inert gas compositions.
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