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ABSTRACT
Abundances of noble gases extracted from Fig Tree
Shale exhibit a marked deviation from the gas content of
eclogitic rocks purported to be mantle material.

The

abundances of the heavy noble gases in shale were found
to exceed the highest known meteoritic values.

The

abundances of the lighter noble gases were found to be
comparable to the abundances of these gases in typical
chondrites.
Temperature gradient analyses show that excess heavy
gases are released at low temperatures.

This is inter-

preted to indicate a preferential adsorption of the heavy
noble gases on fine-grained sediments when these gases
were being released from the interior of the earth.
Meteorite-like anomalies were observed in the isotopic
composition of xenon released at elevated temperatures.
These anomalies include Pasamonte-type fissiogenic xenon

(x e 13 1 - 1 36)

I

. Xe 129 an d an apparent
an excess 0 f ra d'10gen1c

deficiency of the heavy isotopes (xe131-l36) in the trapped
component.
Results from the temperature analyses showed that the
separation of krypton from xenon exceeds the physical mass
fractionation observed across the xenon isotopes.

This indi-

cates that the relative size or chemical nature of these
gases dominates over the mass effect in determining the
release pattern of these gases from shale.
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I.

INTRODUCTION

The research reported here concerns the abundance
and isotopic composition of noble gases observed in the
three-billion-year old Fig Tree Shale.

This study was

undertaken in order to see if the noble gases in the early
earth's atmosphere resembled those in the present atmosphere.
The results from this investigation were employed to
test various hypotheses for the origin of isotopic anomalies
of atmospheric xenon.

The results were also used to

explain the low Kr/Xe ratio in the atmosphere, and to propose
a model for the release of noble gases into the atmosphere.
In this thesis, a particular noble gas isotope, with
the chemical symbol X and mass number m, will be referred to
as

xm.

The name of the noble gas (xenon, kyrpton, argon,

neon or helium) or the symbol X (Xe, Kr, Ar, Ne or He) will
refer to all the isotopes of that noble gas.

2

II.

LITERATURE REVIEW

The chemical inertness of the noble gases and their
volatile nature at low temperatures resulted in an early
separation of the elements from more condensable matter.
The nature of the escape mechanism is reflected in the
relative abundances of the remaining gases, which show
a preferential retention of the heavier gases
Suess,

1949).

(Brown,

1949;

The isotopic compositions of the residual

gases were readily altered by radioactive decay, and
thus serve as a monitor of many of the nuclear reactions
which have occurred since the condensation of solid solar
bodies.
By comparing the abundances of noble gases in the
atmosphere with the solar abundances of these gases, Suess

(1949)

noted that the earth had retained only one atom

out of every 10 7 for xenon, and less than one atom out of
10

11

for neon.

This separation of neon from xenon (by a

4

factor of 10 ) he attributed to selective diffusion from
the earth's gravitational field after a uniform loss to 10of the initial abundance by hydrodynamic flow.

7

3
Suess

(1949)

found the ratios of atmosphere and solar

abundances of the noble gases to fit the following equation:
- 1 og (N TERRINSOL )

= 7.1

+ lOe-O.045M

(1)

In this equation, NTERR is the terrestrial (actually
atmospheric) abundance of a noble gas of mass M, and NSOL
is the solar abundance of this noble gas.

Suess inter-

preted the small dependency of the fraction on mass to
indicate either rapid rotation for the early earth or a
very high temperature of the exosphere.
In the same year, Brown

(1949)

earth's depletion of noble gases.

independently noted the
Since these gases were

lost in the process of earth formation, Brown pointed out
that the constituents of the present atmosphere must have
been chemically retained during the earth's formation.
From this, he concluded that the present atmosphere is of
secondary origin, i.e., the result of chemical processes
generating these gases subsequent to the formation of the
earth.
Weizsacker

(1937)

first suggested that atmospheric

Ar 40 was due to the decay of terrestrial K40.

The presence

of radiogenic Ar 40 and He 4 in the atmosphere has been used
by several authors to calculate the rate of escape of gases
from the earth and the duration of outgassing of the earth
to produce the atmosphere, (Kulp,

1954;

Damon and Kulp,

1958;

1951;

Turekian,

Urey,

1959;

1951;

Manuel,

Rankama,

1962).

4
Early investigations of noble gases in meteorites
revealed only those noble gas isotopes produced by nuclear
reactions (Arrol et aI, 1942: Gerling and Pavlova, 1951:
Reasbeck and Mayne, 1955; Gentner and Zahringer, 1955).
Gerling and Levskii (1956) first discovered primordial
helium, neon and argon in the achondrite meteorite, Staroe
Pesyanoe.

The heavier noble gases were probably first

observed in meteorites by Reynolds (1960a), although
earlier investigators (wasserburg and Hayden, 1955:
Reynolds and Lipson, 1957) reported atmosphere-like xenon
in stone meteorites.

The mass fractionation pattern of

these primordial noble gases was similar to that in the
earth's atmosphere, except in the heavy mass region where
the krypton shows a ten-fold greater separation from xenon
than is observed in the atmosphere.

This low meteoritic

Kr/Xe ratio occurs even in gas-rich meteorites, where there
is very little mass fractionation of the lighter noble
gases (Manuel and Kuroda, 1964).
The mass fractionation pattern of noble gases is sufficiently steep to result in sizeable isotopic alterations
of the light-weight noble gases.

For example, Manuel (1967)

shows that mass fractionation of the neon observed in
the Fayetteville chondrite (Ne20:Ne21:Ne22 = 12.6:0.033:1.00)
.
20
21
22
could produce atmospher~c neon (Ne :Ne :Ne
1.00).

= 9.80:0.029:

Krummenacher et al (1962) suggested that the isotopes

5
of atmospheric xenon may be more steeply fractionated than
the xenon observed in Murray (Reynolds, 1960b), but this
hypothesis is difficult to reconcile with the fact that
the Kr/Xe ratio in the atmosphere is ten times larger
than the Kr/Xe ratio in Murray.
Unlike the light weight noble gases, xenon and krypton
appear to have a rather constant isotopic composition in
all terrestrial rocks and minerals, except in uranium- and
thorium-rich minerals where fission has produced excess
xe131-136 and Kr83-86.

The isotopic composition of pri-

mordia1 krypton in meteorites is

simila~

to that found in

the earth, except for a small contribution from spallation
and secondary neutron-capture reactions (Krummenacher et al~
1962; Marti et aI, 1966; Alexander and Manuel, 1967).
However, Reynolds (1960 a,b) discovered a general deficiency
of the heavy xenon isotopes in meteorites and a large
excess of Xe l29 presumably from the decay of extinct 1 12 9
(Brown, 1947).
Kuroda (1960) suggested that this apparent deficiency
of heavy xenon isotopes in the meteorites might be due to
an excess of fissiogenic xenon in the atmosphere.

Kuroda

calculated that spontaneous fission of uranium could not
account for this

excess~

and suggested that an extinct

transuranium element, such as pu

244

, could have produced

the excess heavy xenon isotopes in the atmosphere.

Cameron

6
(1962) expanded Kuroda's hypothesis by suggesting that

30%

of the atmospheric xenon was of solar origin, where an intense
neutron irradiation had produced xenon anomalies by neutroncapture reactions on xenon and neighboring elements.
Cameron noted that the transfer of solar xenon to the earth
by the solar wind could account for the excess xe
xe

130

128

and

in the atmosphere and also contribute to the large

anomaly of xe

132

in the atmosphere.

This suggestion that

atmospheric xenon was anomalous and meteoritic xenon more
nearly primordial seemed reasonable, in view of the
apparently low abundance of terrestrial xenon compared to
its meteoritic abundance.

This view is, of course, dependent

on the assumption that the earth has released its entire
inventory of noble gases into the atmosphere.
'
Kuro d a I s h ypot h
es~s

0f

.

ext~nct

"
Pu 244 contr1but1ng
to

the heavy xenon isotopes by spontaneous fission has recently
received considerable support from reports by several
laboratories of large excesses of fissiogenic xenon in the
Pasamonte and stannern meteorites.

(Rowe and Kuroda, 1965;

Marti et aI, 1966; Pepin, 1966; Hohenberg et aI, 1966).

The

amount of fissiogenic xenon in Pasamonte is more than an
order of magnitude greater than that attributable to uranium,
and the fission spectrum is unlike that produced by spontaneous or neutron-induced fission of uranium.

However,

. Id of f~ss10gen~c
'"
.
Pasarnon t e, Xe 131 :
the mass Y1e
xenon 1n
xe132:xe134:xe136

=

0.285:1.00:1.05:1.14 (Hohenburgtet aI, 1966)

7

.

is also unlike the mass yield of excess heavy xenon isotopes in the atmosphere where xe13l:xe132:xe134:xe136
0.35:1.00:0.46:0.43.

=

Thus, some questions remain on the

origin of excess heavy xenon isotopes in the atmosphere.
At the time these noble gas studies were undertaken,
there were two reports of possible meteorite-like xenon
anomalies in terrestrial samples.
reported a small excess of xe

129

Butler et al (1963) had
in CO 2 well gas, and

Bogard et al (1965) had found a small deficiency of xe
in a sample of thucholite.

136

Both of these meteorite-like

anomalies were appreciably smaller than those observed in
meteorites, and the possibility of an experimental error
could not be conclusively ruled out.

8

III.

EXPERIMENTAL

A detailed description of the instrument was given
by Reynolds

(1956).

This discussion will be held within

the confines of a description of the physical apparatus
and performance observed by the author.

Figure 2 shows

the mass spectrometer used.
A.

General Description of Instrument
The

Alfred

o.

4.5

inch, 60° spectrometer was designed by

C. Nier

(1947)

and modified by J. H. Reynolds.

The analyzer tube is constructed entirely of Pyrex glass
which eliminates unnecessary joints or connections.
tube, which is mounted horizontally,

The

rests on an over

base of aluminum covered with two inches of transite.

An

oven lid, in two parts, is suspended over the instrument.
Bakeout is possible up to 400°C to attain very low pressures.
The analyzer tube is separated from the sample system by
a bakable, Bayard-Alpert valve.

Thus, sample and cleanup

systems are isolated from the actual ion beam and optics.
Sample extraction and cleanup are conducted on the
sample side of the valve connecting the analyzer tube with
the sample system.

This valve also serves to introduce

gases into the mass spectrometer.

Bayard-Alpert valves

are used on both systems for all regulated passages on

9
the low-pressure side of the diffusion pump.
Both the sample-cleanup and analyzer have their individual vacuum systems.

Each system is pumped by means

of a fore or roughing pump, connected in series to a
mercury diffusion pump.

A three-way vacuum stopcock is

located between the fore and diffusion pumps.

This can

be used to isolate the fore pump for routine maintenance
or as an inlet for glass blowing.
The diffusion pumps are isolated from the system
with liquid nitrogen traps.

The roughing pumps have solid

CO 2 traps to prevent the backspray of oil or other heavy
contaminants into the vacuum system.

The CO 2 traps are

located between the diffusion and roughing pumps.

Ballast

tanks are employed to counter any sudden change in pressure
due to pumping irregularities.
B.

Mass Spectrometer
The wedged-shaped magnet with 60° pole faces directs

the ion beam through the final slits which are 0.012 inch
wide by 0.25 inch high.

Electrostatic deflection plates

focus the ion beam both horizontally and vertically.
External electrical connections to the optics are by means of
tungsten lead-throughs sealed in uranium glass.
voltage may be varied up to 2500 volts.
voltage for analyses is 2000 volts.

Source

Normal operating

Electron emission may

10

be varied from 0 to 10 rna with an electron energy of 20
to 80 electron volts.
standard setting.

For our use, 2 rna at 80 ev was the

Figure 1 is a schematic drawing of

the Reynolds tube.
The electromagnet was mounted on rails which permitted
the magnet to be rolled away during bakeout periods.
7000 gauss magnet has a

3/8

The

inch gap between poles which

cover the 5/16 inch analyzer tube.

An electronic sweep

was employed to vary the sweep speed.
Ion beam detection is accomplished by using a vibrating
reed electrometer (Cary Model 31).

It is possible to

detect, directly, the ion current by using a Faraday cup
collector, or this Faraday cup collector can be moved
from the beam path so that the nine-stage electron multiplier amplifies the signal before detection.

The ion

collector has 18 uranium glass-sealed tungsten lead throughs.
The electron multiplier is usually operated at an interdynode potential of 120 volts when scanning helium, neon
or argon spectra, and at 240 volts when scanning the less
abundant xenon and krypton.

The 0.024-inch collector

slit width provides sufficient resolution to separate
adjacent xenon isotopes.
The samples may be analyzed statically or by the
regular flow method.

In this research, the static method

of analysis was used exclusively.

This type of analysis

11
permits the tube to be isolated from the rest of the
system while the spectra is taken.

owing to the minute

quantities of gas being analyzed, static operation was
best suited to this research.

c.

Sample System
The sample system is connected to the spectrometer

by a Bayard-Alpert valve. .
of the sample system.

Drawing 3 shows a schematic

Samples under investigation were

sealed in the extraction bottle (shown in cross section)
in Figure

4.

Pumping began immediately after the

samples were sealed.

Operating pressure in the extraction

system is 10- 8 to 10- 9 torr before extraction begins.
Atmospheric contamination is kept to a minimum by this
method.
The water-cooled Vycor extraction bottle has a molybdenum crucible which has previously been outgassed.

The

sample is pushed from the side-arm tube with a hand magnet.
A funnel guides the sample into the crucible.

A five-

kilowatt radio-frequency induction generator heats the
crucible and, consequently the sample, to approximately
l700°C, or until the sample melts.
In the following description of procedure, the reader
should refer to Figure

3.

During heating and the eventual

melting of the sample, the valve leading to the pumps is
closed to pumping, and Dry Ice is placed on trap 1.

Liquid

12
nitrogen is employed to cool the charcoal, so that all of
the gases released from the sample will be adsorbed.
Collection being complete, the titanium getter furnace is
heated to 850°C, and the adsorbed gases driven from the
charcoal by means of a resistance heater.

Fifteen minutes

of scrubbing time was sufficient to react the unwanted
gases with the titanium getter.

Dry Ice is then placed

on trap 2, and, after the titanium is cooled, liquid
nitrogen replaces the heater on the charcoal.

The argon,

krypton and xenon are collected on the charcoal, while
helium and . neon are free in the sample system ready to
be introduced into the spectrometer.
After the helium and neon fraction have been introduced,
liquid nitrogen is replaced by crushed Dry Ice, solid CO 2

,

which is at a temperature of _78°c, to release the argon
from the charcoal.
helium and neon,

v-4

and neon fraction.
the argon.

On completion of the scanning of the
is opened to pump out the helium
Closing

v-4

and opening V-3 introduces

While this is being scanned, V-2 is opened

to pump the residual argon from the sample side, while
Dry Ice cools the charcoal.
Essentially the same procedure is followed for krypton
and xenon.

TO release the krypton from the charcoal,

mercury, at its freezing point, is placed around the charcoal finger (-32°C).

The charcoal is heated to lOO°C to

drive off the last fraction, xenon.

13

D.

Resistance Heating
The actual preparation and handling of the samples

in this system is the same as described previously, with
the exception that a resistance furnace is used instead of
radio-frequency heating.

This permits accurate temperature

control not possible with the induction heater.

The

furnace used was a Multiple unit, Type 70-T (750 watts,

50/60 cycle, 115 volts), manufactured by Hevi-Duty
Equipment Company.
fine control.

The furnace itself had a coarse and

A line variac was also used to control

the temperature, which was measured with a chromel, palumel thermocouple.
A 1.25 inch diameter bore ran the center of the furnace.
vycor tubing was inserted in the furnace, sealed on one
end and connected to the sample side on the other by means
of a Vycor-pyrex joint.
front of metal slugs.

The samples were inserted in
Manipulation into and from the

furnace was by hand magnets.
furnace in cross section.

Figure 5 shows the resistance

14

IV.

RESULTS AND DISCUSSION

In the guest to find the reasons meteoritic noble
gases differ from those of the earth's atmosphere, the
following research was conducted.

Since the noble gases

in the present atmosphere may have been altered during
the geoloJical history of the earth, the investigation
was made on samples likely to contain noble gases from
the early atmosphere.

Early sedimentary samples, it

seemed probable, would have trapped these noble gases.
The examination was conducted on one of the oldest known
sediments, dated at three billion years, Hoering

(1965).

The sample was obtained from the Montrose Gold Mine near
Barberton, Transvaal, South Africa, and supplied to the
laboratory by Dr. Thomas C. Hoering of the Carnegie
Institution, Washington, D.C.
A.

Total Gas Abundance
In early experiments, samples were analyzed by totally

melting the sample in a previously-outgassed, molybdenum
crucible, as described in the Experimental Section of this
thesis.

Noble gas abundances of six samples are shown in
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Table 1, together with the chondrite, Bruderheim, and the
carbonaceous chondrite, Murray.

These meteorites are

chosen for comparison because the Bruderheim is a typical
chondrite with respect to noble gas content; the Murray
because i t contains more of the heavy gases than any other
known meteorite.
The amounts of He 4 and Ar 40 observed in these samples
will not be discussed here, since these concentrations are
a reflection of the age and potassium, uranium and thorium
content of the sample.

Non-radiogenic isotopes of the

light noble gases are intermediate between the Bruderheim
and Murray chondrites.
in the heavy rare gases.

The shale, however, is enriched
The abundance of the heavy gases

is, in fact, greater than that reported in any meteorite.
If the earth is assumed to be outgassed, then the
shale contains over three orders of magnitude more xenon
-11
than the expected abundance, 6 x 10
cc STP Xe/gm. The
presence of such high concentrations of the heavy noble
gases in the absence of excesses of lighter gases indicates
that the abundance pattern of gases in the atmosphere may
not be typical of the abundance pattern for noble gases
trapped in all terrestrial rocks and minerals.

The

abundance pattern for the earth's entire inventory of rare
gases will depend on the relative contributions of these
gases from the atmosphere and from rocks and minerals.
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Thus, the atmosphere is a lower limit for the terrestrial
abundances of the noble gases.

The retention of noble

gases in rocks and minerals may account for the low terrestrial abundances of noble gases obtained by assuming the
earth to be completely outgassed (Suess,
Anders, 1961~ Butler et aI,

1949;

Goles and

1963).

For comparison of the abundance pattern of noble gases
from various sources, a fractionation factor is defined
by the equation:
Fm

. 130
= (~/xe130)sample I (XU/xe . )cosmic

(2).

xm in the equation is any noble gas isotope with mass number
m.

Figure

6 shows the fractionation factors for the shale,

the atmosphere, and the Bruderheim and Murray chondrites.
The fractionation factors obtained by equation (2) are
shown in Table 2.

Cosmic abundances used for these calcu-

lations were reported by Burbidge, Burbidge, Fowler and
Hoyle

(1957).

Atmospheric noble gases show the least

separation of the lighter gases from xenon, which is used
as the reference, and, essentially, no separation of krypton
from xenon.

Meteoritic gases show a steeper mass fraction-

ation pattern, with krypton depleted from xenon by an order
of magnitude.

Shale exhibits an ever steeper mass fraction-

ation pattern than the chondrites.

If the abundances of

the heavier noble gases in the shale represent an appreciable
amount of those in the atmosphere, then the fractionation
pattern for the total gases will lie between the atmospheric

17
and shale fractionation curves shown in Figure

6.

The total atmosphere amounts to 1 kilogram per cm 2
of the earth's surface.
equivalent to

6.2

x

From this value, xenon would be

10- 2

cc STP per cm 2

postulates that shale accounts for
igneous rock.

Wickman

•

82.3%

(1954)

of all weathered

Estimates of weathered igneous rock vary.

Commonly quoted estimates are
kilograms per cm 2 and

6,462

155

kilograms per cm 2 , 209

kilograms percm 2

as proposed

by Goldschmidt

(1962),

respectively.

If the average shale contains 4 x 10-

STP xe

130

contain

and Rankama

(1954),
9 cc

per gram, the above estimates of shale would

1.3

Xe per cm 2

Wickman

(1954)

,

,

x

10- 2

and

55

cc STP Xe per cm 2
x 10-

2

,

1.7

cc STP Xe per cm 2

alone, may contain anywhere from 0.20 to

10- 2

x

8

•

cc STP

Thus shale,

times the total

xenon in the atmosphere.
In the atmosphere, the xenon/krypton ratio is 0.076.
The average ratio in the shale is

1.00.

Calculations

show that a mixture of noble gases in the shale and those
in the atmosphere would produce a ratio of

0.26.

This

calculation is based on the average shale estimate cited above.
In the earth contains more than the postulated minimum,
the value would increase accordingly to an upper limit of

1.00.
1.58,

Bruderheim and Murray ratios of Xe/Kr are
respectively.

0.73

and
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The marked similarity of the total fractionation pattern
for terrestrial and meteoritic noble gases suggests that
these gases were lost from the meteoritic and terrestrial
materials before the accumulation into planetary-size
bodies.

The similarity in the fractionation of terrestrial

and meteoritic gases does not seem likely to result from
loss by gravitational fractionation, as proposed by
Suess

(1949).

Selective adsorption on dust particles by

the heavier gases prior to the formation of the planetarysize bodies appears to be a more logical explanation for
the similar fractionation patterns observed for terrestrial
and meteoritic noble gases.
In a private communication to the author, Mr. E. C.
Alexander reported recent results from a noble gas analysis
which support the above conclusions.

A shale sample,

selected at random (Mt. Pleasant, Tennessee), was found to
contain

6.4 x

10- 8 cc STP Xe per gram and a Xe/Kr ratio

similar to that observed in the Fig Tree Shale.
B.

Gas Retention in Shale
In order to determine the sites of the large abundances

of xenon and krypton in shale, temperature gradient analyses
were performed.

As presently constructed, the induction

heater is not capable of accurate temperature control.

In

lieu of the induction heater, a resistance heater, described
within this thesis in the Experimental section and shown

19
in Figure 5, was employed.

The samples were mounted in

glass to prevent gas loss in obtaining the operating
pressure (

~lO-8

mm Hg).

The encased samples were placed

in a Vycor tube which ran the center of the furnace.
encapsulating glass was broken by metal slugs.

The

Temper-

atures of sample heating ranged from lOO°C to 700°C.
Each temperature was maintained for one hour.
and Figure

7

Table 3

show the results.

The Kr/Xe ratio of the released gases decreased
continuously from lOO°C to 500°C.
this trend was reversed.

After 500°C and higher,

The author interprets this to

mean that the gases are being released and fractionated
from one site up to a temperature of 500°C.
less fractionated gases were released.
release from another site.

Beyond 500°C,

This indicates

Gases released at the low

temperatures «500°C) are probably adsorbed on the surface
or in an organic phase.

Gas released from the crystal is

very probably at temperatures >500°C due to the abundance
of Ar 40 released.

The bulk of Ar 40 was released at 600°C.

Maximum temperature of these analyses was 700°C, owing to
the low softening point of the encapsulating glass.
The results presented in Table

3

allow a suggestion to

be made for the production of a low Kr/Xe ratio in the
present atmosphere.

The gases that were originally released

into the atmosphere displayed a mass fractionation pattern
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reasonably similar to that observed in meteorites.

Weathering

processes produced fine grain s.urfaces that preferentially
adsorbed the heavy noble gases, similar to the earlier
preferential adsorption of the heavier gases on dust grains
in the solar· nebula.

Preferential adsorption of xenon

produced the anomalous Kr/Xe ratio that is observed in
the present-day atmosphere.

If outgassing of the earth's

interior occurred primarily from the oceans' floors, sediments would have adsorbed much of the heavy noble gases
before they reached the atmosphere.
C.

Isotopic Anomalies of Terrestrial Xenon
In a second series of temperature analyses, the sample

was heated continuously and noble gas fractions collected
for analysis.
previously.

The samples were mounted as described
In the previous thermal analysis, the sample

was removed from the furnace after one hour heating.
analysis, the 200°C temperature was held for

95

hours while

six different fractions were collected and analyzed.
400°C fraction was maintained for
400°c were collected and analyzed.

59

hours.

In this

The

Two fractions at

Likewise at 600°C two

fractions were collected during a l6-hour heating period.
at 700 D e, two fractions were collected.

Lastly,

Unfortunately, the

glass softens, so 700°C is the highest temperature attainable
using Pyrex glass capsules.

The sample had been heated a

total of 200 hours, when the last fraction was taken.
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The xenon data in the first fraction collected at an
elevated temperature generally displayed an excess of
heavy xenon isotopes, most probably due to the preferential
release of the light isotopes while heating at the lower
temperature.
The xenon released in the 200°c fraction showed no
isotopic anomalies outside the range of experimental error.
Isotopically, the xenon released in the 400°C fraction
displayed a striking mass fractionation.

Table 4 shows

the isotopic composition of the 400°C fraction along with
the isotopic composition of xenon from the atmosphere and
the Murray chondrite.
to xe 130 •
mately

4%

The xenon of all three are normalized

Since the xe136/Xe130 ratio at 400°C is approxihigher than the atmospheric value, calculations

show the linear mass fractionation seen across the xenon
isotopes would result in a Kr84/xe130

=

2.14, which is

appreciably smaller than the Kr84/xe130 ratio observed in
any total gas analysis.
This difficulty in fractionating the xenon isotopes,
compared with the ease in separating krypton from xenon,
indicates that the chemical nature of xenon and krypton
dominates over the mass effect in fractionating these gases
at 200°C.

Considering these results, it is indeed difficult

to explain the atmospheric xenon anomalies as the product
of mass fractionation, unless the Kr/Xe ratio in the earth
is even smaller than that observed in shale.

For example, from

22.
the xenon isotope abundances and Kr84/xe130 ratio in Murray
we calculate that terrestrial Kr84/xe130

<0.68.

In the first 700°C fraction, a steep mass fractionation
of xenon isotopes was again observed. An excess of xe 129
w~s

also observed in this fraction, as shown in Table 5.

The amounts of xenon released at these elevated temperatures
were too small to permit accurate measurements of the light
xenon isotopes.
The second 700°C fraction shown in Table 5 also contains
an excess of the heavy xenon isotopes, but their relative
abundance is unlike that produced by mass fractionation.
Since shales are generally rich in uranium, a xenon component from spontaneous fission of uranium is to be expected.
The relative fission yields from u238 spontaneous fission
reported by McNamara and Thode (1950) are Xe 13l
xe 134 : Xe 136 = 0.12 : 0.58 : 0.85 : 1.00.

xe 132

The spectra

shown in Table 5 cannot be produced from a mixture of atmospheric xenon with xenon from spontaneous fission of tr238 •
Since both mass fractionation and fission increase
the xe132/xe130 ratio, fractionation of the xenon isotopes
cannot account for the low Xe132/Xe130 ratio observed in
the second 700°C fraction.

To resolve a fission component

from the xenon spectra shown in Table 5, the trapped xenon
component would have to be depleted in heavy xenon isotopes,
such as the xenon observed in Murray.
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To resolve the fission spectra, the assumption was made

that the trapped xenon released, at 700°C is similar to
Murray.

The fission yields were calculated from the equation:

In Table

6 these yields are normalized to the yield of

x e 1 36 and compared with the fission yields from spontaneous
fission of u238 , neutron-induced fission of u235 , and
the fission xenon spectra reported for the Pasamonte chondrite.
The occasion of Murray-type xenon in the high temperature
fraction deserves comment.

As noted earlier, the xenon

released at low temperatures resembled, isotopically, that
in the present atmosphere.

Since the adsorbed and trapped

xenon show different isotopic spectra, these two xenon
, components must have different origins.

If the adsorbed

xenon results from surface retention of gases leaking from
the earth's interior, then it seems likely that the trapped
xenon resulted from the early atmosphere.

This would

indicate that the early atmosphere contained Murray-type
xenon, which has been altered to its present isotopic
composition by leakage of highly-fractionated xenon from
the earth.
This model differs appreciably from the fractionation
model proposed by Krummenacher et al (1962), where it was
suggested that the early atmosphere contained bighly-
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fractionated noble gases.

Selective leaking of the lighter

noble gases from the earth completely masked the early
fractionation pattern, except in xenon, whose present
isotopes reflect the fractionation of the early atmosphere.
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V.

CONCLUSIONS

The results of this investigation have shown the
following:

1.

The mass fractionation pattern of noble gases

in the atmosphere is not representative of the total
terrestrial abundances of these gases.

In particular,

the low Xe/Kr ratio in the atmosphere results from
the preferential adsorption of xenon on sediments.
2.

The xenon in the early atmosphere was isotopically

similar to Murray-type xenon.

3.

Both excess Xe

129

and Pasamonte-type fission xenon

were observed in shale.

Since the shale was formed

about 1.5 x 109 years after the formation of the earth,
neither I129 or pu
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would be expected to be present

to produce these anomalies in situ.

Both anomalies

may result from the physical trapping of atmospheric
xenon which contained these anomalies three billion
years ago.

Alternately, the Pasamonte-type fission

spectra may result from a combination of mass fractionation of xenon isotopes together with fission xenon
from spontaneous

. ..

f~ss~on 0

f

238

U

•

TABLE 1
THE ABUNDANCES OF NOBLE GASES IN SHALE
AND IN METEORITES
Fig Tree
Shale #1
(This
Lab)

Fig Tree
Shale #2
(This
Lab)

Fig Tree
Shale #3
(This
Lab)

Fig Tree Fig Tree
Shale #4 Shale #5
(This
(This
Lab)
Lab)

Fig Tree
Shale #6
(This
Lab)

Brude
(Manu
and R
1965)

4
He
~ 10-7ee STP/gm
Ne 22
g
K 10- ee STP/gm

425.2

20.32

24.24

38.14

-----

47.35

23.8

8.862

23·97

14.25

19.95

-----

7.660

10·7

Ar36 .
x: 10-7ee STP/gm

5.9 11

10.58

5·346

0.9248

1.291

3.828

0.23

x 10-8 ee STP / gm

5.937

5·758

5·521

4.430

3. 1 43

11.72

0.04

Xe 130
~ 10-gee STP/gm

2.296

2.664

2.574

3.747

3.676

4.369

0.022

Kr

84

TABLE 2

Fractionation Factor (Fm) for
the Atmosphere, Shales,
Meteorites

pm

:xm

=

He 4

x 10- 8

(xro/xe 130 )

2f!

Sample

= Ne 22

I

(~/xe130)

xn = Ar36

.

Cosm~c

XU =

Kr

x 10- 7

x 10- 5

x 10- 1

84

xm

=

xe 13

Atmosphere

7.765

875.4

1140

10.00

=1.000

Fig Tree Shale #1

97.41

7.479

33. 1 0

1.430

.=1.000

Fig Tree Shale #2

2.012

17.44

5 1 .06

1.195

. =1.000

Fig Tree Shale #3

4.953

10·73

26.70

1.186

=1.000

Fig Tree Shale #4

2.973

5.730

1.762

0.3630

=1.000

Fig Tree Shale

#5

-----

-----

4.5 1 5

0.4727

=1.000

Fig Tree Shale
1
Bruderheim

#6

5.753

3.398

11.27

1.483

=1.000

54.66

906.7

131.4

1.055

=1.000

425. 8

100.2

56.08

0.4895

=1.000

Murray2

1)
2)

Data by Manuel and Rowe (1964).
Data by Reynolds (1960b)

Ne 22 correcte d f or

.

cosmogen~c

comp
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TABLE 3

THERMAL RELEASE PATTERN OF XENON AND KRYPTON FROM SHALE

Temperature
o

c

Xe 130

(xlO-10cCSTP/gm)

100 0

3.36

Kr84

Kr84/xe130

(x10-8 cCSTP/grn)

13·5

402

26.4

186

200 0

14.2

0

30.3

4.98

400 0

18.1

0.327

1.81

2.26

0.0121

0.535

600 0

0.176

0.0069

3.94

0

0.041

0.0093

300

500

700

0

16.4

22·7
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TABLE 4
XENON RELEASE FROM SHALE AT 400°C
AFTER 95 HOURS HEATING AT 200°C

Shale
400°C

Mass
Number

Atmosphere
Nier (1950)

Murray
Krurnmenacher,
et al (1962)

i

124

0.0225

:!: 0.0002

0.02353

0.02945

126

0.0212

:t

0.02206

0.02465

128

0.461

~ 0.002

0.4703

0·5092

129

6.434

i" 0.031

6.480

6.468

130

=1.000

=1.000

.=.1.000

131

5.256

~ 0.022

5·191

5.027

132

6.731

+
- 0.023

6.591

6.125

134

2.616

i" 0.01

2.559

2.342

136

2.252

± 0.01

2.174

1.972

Kr 84/Xe 130

1·50

0.0002

8.85

TABLE 5
XENON RELEASED FROM SHALE AT 700°C

Mass
NUmber

Shale at 700°C
1st fraction 2nd fraction

Pasamonte I I
Rowe and
Bogard (1966)

6.480

-----

6

i

6.344
+0.048

Mu
Kr
et

Atmosphere
Nier (1950)

129

6.794
±0.055

130

=1.000

=1.000

=1.000

=1.000

=1

131

5·530
:±0.056

5. 1 22
±0.069

5. 1 9 1

6.11

5·0

132

7.124
±O.O50

6.548
±O.O35

6.591

8.44

6.1

134

2.841
±0.052

2.638
±0.o28

2·559

5·33

2.3

136

2·513
+0.046

2.330
±0.018

2.174

5·38

1.9
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TABLE 6
EXCESS HEAVY XENON ISOTOPES FROM FISSION
AND MASS FRACTIONATION IN FIG TREE SHALE
TREE SHALE AND PASAMONTE

MASS NUMBER

SAMPLE
131

132

134

136

First 700°Fraction

0.930

1.85

0.923

1.00

Second 700° Fraction

0.265

1.18

0.827

1.00

Hohenberg et al
(Submitted 1966)

0.30

0.98

0.96

1.00

Marti et al (1966)

0.22

1.00

1.02

1.00

Rowe and Kuroda (1965)

0.15

0.67

0.98

1.00

u 238 SPONTANEOUS FISSION

0.12

0.58

0.85

1.00

0.43

0.69

1.20

1.00

FIG TREE SHALE

PASAMONTE

Clarke and Thode (1950)

u235 NEUTRON-INDUCED
Katcoff (1958)
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FIGURE 1.
SCHEMATIC OF MASS SPECTROMETER
FROM LEFT TO RIGHT ARE THE ION SOURCE REGION,
THE MAGNET POLE AND THE COLLECTOR REGION.
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FIGURE 2.

MASS SPECTROMETER
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FIGURE

3.

SAMPLE SIDE AND GAS EXTRACTION SYSTEM OF MASS SPECTROMETER
A.
B.
T-l
V-I
V-2
C.
D.
T-2
E.
V-3

Extraction Bottle
Calibration air spikes
C02 cold trap
Bayard-Alpert valve to clean-up system
Bayard Alpert valve to pumps
Bayard-Alpert ion gauge
Titanium furnace
CO 2 cold trap
Charcoal finger
Bayard-Alpert valve to mass spectrometer

>r<)
w

-

«
,
'-

o

I

1"1

I

.------
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FIGURE

4.

CROSS SECTION OF EXTRACTION BOTTLE
USED FOR TOTAL MELT STUDIES
From top to bottom are shown the side-arm sample tubes,
the vacuum seal flange, the water cooling jacket, and
the molybdenum crucible within the induction heating coil.

o
o
o
o
o

o
o

o

o
o
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FIGURE

5.

CROSS SECTION OF RESISTANCE FURNACE
USED FOR THERMAL RELEASE STUDIES

o
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FIGURE

6.

LOG FRACTIONATION FACTOR VB.

MASS NUMBER

O . Bruderheim chondrite
•

Murray carbonaceous chondrite

Il Fig Tree Shale No. 4
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FIGURE

7.

THERMAL RELEASE PATTERN OF HEAVY
NOBLE GASES FROM SHALE
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