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ABSTRACT'

The research reported herein includes unpublished iodine and
uranium data on a group of United States Geological Survey standards
and on a group of ultrabasic rocks, Data are also included for the
ma jor rock types, deep sea sedimen‘!:s. and for graphite and troilite
ﬁclusims in iron meteorites, Tellurium data for the troilite are
also reported, Appendix I is a literature article (Bennett and Manuel,
1967a) on Canyon Diablo Graphite., Appendix II is a literature article
(Bennett and Manuel, 1967b) on deep sea sediments.

The results of this study show that most of the earlier estimates:
of the crustal abundance of iodime are uniformly too high, except for
deep sea sediments. The results also indicate that the apparent
"atomic dispersion® theory of iodine was in fact due to rather uniform
iodine contamimation. The iodine and uranium abundances from this
study are used together with terrestrial xenon abundance data recently
redetermined by Mr., R. A. Canalas in this laboratory to show that
the I129-%xel29 formation interval of the earth is similar to that of

stony meteorites.
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I. INTRODUCTION

This research was undertaken because the abundances of iodine
in many terrestrial materials were unknown, and the available results
were widely disputed., The "atomic dispersion® theory of iodine sug-
gested by Goldschmidt (1962) was of particular interest in view of
the suspected contamination problems of earlier iodine analyses.

At the time this work was undertaken, von Fellenberg's (1924, 1927)
iodine determinations for terrestrial samples were still widely gquoted
although recent neutron activation analyses of meteorites had shown
von Fellenberg®s iodine data uniformly toc high.

Recent studies on the abundance of iodine in meteorites have
demonstrated the importance of this element in understanding early
geological history (Goles and Anders, 1962; Reed and Allen, 1966;
Kuroda et al, 1966; Clark et al, 1967). Using neutron activation
analysis, these recent abundance data show excellent agreement and
indicate severe contamination problems in many of the earlier analyses.
Very few investigations on terrestrial materials have been performed
using this superior technique,

As a corollary to this research, the iodine abundances of
terrestrial and meteoritic samples are compared with the concentra-
tions of radiogenic Xel29, This comparison permits a- calculation
of the T129-xe'?? formation intervals of the earth and the meteorites.

The tellurium abundance of a troilite nodule from the Great NMamaqua-



land meteorite was also determined and used with noble gas data
(Alexander et al, 1967) to calculate the contributiom of iodine and

tellurium to the isotopic anomalies of xenon.



II. LITERATURE REVIEW

The need for a systematic study of the abundances of iodine
is best illustrated by reviewing the data presently available. It
should be noted that much of the early data for terrestrial samples
is unreliable but that reliable data for meteorites have been obtained
by neutron activation analysis.

For iodine in terrestrial rocks most authors refer to the work
of von Fellenberg (1924, 1927) and von Fellenberg and Lunde (1927).
The most comprehensive report on iodine is by the Chilean Iodine
Education Bureau which relies heavily on von Fellenberg'!s data.
This report covers all iodine determinations published up to 1954.
Taylor (1964) refers to Turekian and Wedepohl (1961) who refer to
the Chilean Report for their iodine data, Rankama and Sshama (1950)
and Goldschmidt (1962) used von Fellenberg's data in the geochemistry
of iodine sections of their textbooks. But Goles and Anders (1962)
determined iodine in meteorites by neutron activation and showed
von Fellenberg's data uniformly too high by factors of 5 to 30 as
illustrated in Table I. Kuroda and Crouch (1962) report iodine
abundances in igneous rocks by specﬁrophotomatry., which also show
von Fellenberg's data somewhat too high as shown in Table I,

Goles and Anders?!' (1962) values have been found slightly low
by Reed and Allen (1966), perhaps due to a high fission yield of
iodine from resonamnce and fast neutron fission of 0238 and '1'11232.



Both used neutron activation ana2lysis, In this study an exact correc-
tion for interfering fission isotopes is made,

Although most authors fimnd von Fellenberg's data uniformly
high, recent iodine determinations in sedimentary rocks are higher
than those of von Fellenberge. For instance, note a comparison of
Ttkina®s (1956a) and von Fellenberg'!s data for iodine in limestone
and sandstone in Table I.

The data on iodine indicate a definite enrichment of this
element in sediments and organic materials, This is especlally
exemplified by some of the recent studies by Russian geochemists
(Ttkina, 1956a; Itkina, 1956b, Gulyayeva and Itkina, 1962). Aside
from this and the unexplained concentration of iodine in the Chilean
nitrate deposits, presently awvailable data show an unusual uniformity
of iodine in rocks. Goldschmidt (1962) points out that contami-
nation may be responsible for the apparent "atomic dispersion® of
this element. However this uniform distribution is evident in the
best analyses selected by Goldschmidt as shown in Table II,

In Table II recent iodine analyses from stone meteorites by
Kuroda et al, 1966, are shown for comparison. These measurements
seem to support Goldschmidt!s concern for contamination in early
iodine analyses. The average abundance of iodine in meteorites is
appreciably lower than reported by von Fellenberg (1927) (Table I),
and the distribution of iodine in meteorites indicates that this
element is:not immine to geochemical dispersion.

In summary the iodine abundance data demonstrate a definite need

for the application of newer techniques in order to obtain more



reliable abundance information. As more information is obtained
on the meteorites, it will be even more necessary that reliable data
on terrestrial samples be available in order to compare the early

history and geochronology of the earth with the meteoritese



IIX. PROCEDURE

The procedure used in analyzing for iodine and uranium will be
described in detail as several modifications of the various proce-
dures in the literature (eg, Goles and Anders, 1962; Meason, 1964;
Kuroda et al, 1966; Clark et al, 1967) have been made.

The reactor used in the work described here is a 200 kilowatt
swimming pool reactor located on the campus at the University of
Missouri at Rolla. The samples and monitors were encased in poly-
ethylene capsules, These were placed into a large polyethylene
vial with the 1id covered with paraffin and with a nylon ring around
it to which nylon strings were attached. The nylon ring had eight
holes, 45 degrees apart. Two strings passed across the top and the
bottom of the container intersecting at 90 degree angles, each string
being attached to holes 180 degrees apart. This cage-like arrange-
ment of nylon strings was desigmed to prevent the polyethylene vial
from surfacing in the event that the nylon rimg slipped from the vial
during the irradiation., Lead sinkers were attached at the intersection
of the bottom strings and the sample was supported by nylon cord
attached at the intersection of the top strings. The polyethylene
vial in which the samples and monitors were placed was found to
receive a rather constant flux of about 5 x 1012 neutrons per orn®

second, Most irradiations were for 25 minutes.



The capsules for irradiation were polyethylene tubing closed
with a flat tip on a soldering iron. Monitors of 50 lambda each
were pipetted into the capsules, Then the pipets were rinsed with
Hp0 into the capsule. It is thought that the pipetting may be
responsible for a great deal of error as an intercontamination of
monitors was observed when the pipets were not scrupulously clean.
This part of the procedure will be modified in the future,

Monitors of about 0.2 micrograms I~ as Nal or KI per 50 lambda
and 0.5 to 1 microgram of U as uranyl nitrate were irradiated., For
these it was found necessary to cut the polyethylene capsules open
in approximately equalopoitions of a half inch or less apiece and then
add distilled water and squeeze the contents out with tongs into the
first separatory funnel, This washing of the monitor from the capsule
was repeated several times: per half of capsule, This part of the
procedure: wass difficult as it was not possible to determine when all
the monitor was washed from the capsules, and it was difficult to
handle the capsules with tongs. However when the entire capsule
was dumped into the first separatory fumnel, iodine contamination
(1128 activity) was sometimes found up to several parts per billion
ilodine.

The basic principle of the monitor procedure was an oxidation-
reduction cycle using agueous HaH803 as a reducing agent and agueous
NalNO, in HNO; as an oxidizing agent. 7CCl, was used to extract I,
and HpO was used to extract I”. The sample procedure was slightly
modified in the first steps of the oxidation-reduction cycle.



The exact monitor procedure is shown in Figure I. Except for
monitors and carriers, concentrations were approximate, The amount
of reagent necessary depended on volume of water presemt and the
concentration of reagent. The necessary amount of each reagent was
determined by observing the color changes between pink I, in CCl,
and clear I™ in HpO. After the fimal extraction of I™ into water,
the aqueous solution was emptied into a ' 40 ml centrifuge test tube,
acidified with I:Hi03. heated, and precipitated with A.gHO3 solution,

One ml of carrier containing about 20 mg of I™ and one ml of
Br™ hold-back carrier containing about 10 mg Br™ were used in all
séparations. Percentage yield was calculated on the basis of the
iodine carrier. All samples and monitors were corrected to 100 per
cent yield,

Figure II shows a flow diagram for sample procedure. The initial
step was a fusion with NaOH-Nas0Op,. @iie ml I™ carrier was placed
on the bottomsof a 50 ml ndckel crucible, then sample, then NaOH
and Nay0p. If the Nap0z comes in contact with the aqueous I™ carrier,
the reaction occurs before equilibrimm is established between carrier
and sample iodine, The fusion was performed under maximum shielding
by heating for about 5 minutes at low flame followed by about 10
minutes at high flame of a Meeker burner. The fusion cake was
cooled and t.hé nickel crucible placed in a beaker over ice. It was
necessary for the fusion cake to be solidified before dissolution
or the heat evolved was so intense as to break the Pyrex beaker.
After solidification of the fusion cake, the 1id was removed from

the nickel crucible, and HpO0 was squirted onto the fusion cake. The



cake was covered with H0 and placed into the flame while being held
by tongs. The agueous contents were emptied into the beaker, moxre
water was added, heated, etc, until dissolution was complete, Then
a earpful of ice was added to the beaker and about 20 ml of 6 M HCL
were added, which cleaned the nickel crucible and 1id and acidified
the solution, More ice was added followed by about 5 ml of HF,

Tt was extremely important to dissolwve the fusion cake as
described or the intemse heat would cause loss of 103"" by vaporization.
In early experiments when this procedure was not followed, yields
were wniformly low due to the escape of iodine.

The acidified solution was filtered (through coarse filter
paper on a plastic Blichner funnel) and the filtrate added to the
first separatory funnel (see Figure II), About 0.2 M NHoOHeHCl was
added in slight exeess, ie, about 1-2 ml more tham needed to completely
discolor the KMnO;, This was necessary im order to convert 103"' to
I” and to overcome the instability of NHpOHHCl to heat., If the
exact right amount of NH,OHeHCl was added, I, formed and was extracted
into the CCl, layer. However in the majority of trials using only
NHpOHeHCl, a low yield was obtained due to equation (2).

12NH,0H*HCL + 1&10'3"‘ = 6NL0 + 12HC1 + 8I, + 18Hp0 (1)

2NHoOHWHCL + 2I, = NpO + HR0 + 41~ + 4E* + HCL (2)
The procedure described in the literature was therefore altered by
adding excess NH,OH*HCl, then 6 M HND5 and NaNO,. Sample yields
were usually’ 50-70 per cent using this procedure. The sample proce-
dure beyond the first extractiom was like that described for monitors
and is shown in Figure II,
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The final Agl precipitate was filtered on glass fiber filter
paper through a~chimney, washed with aecetone, then dried 30-60 seconds
at 110° C, The filter paper and precipitate were then mounted on a
2 inch stainless steel planchet with 2-sided cellulose tape along the
4 sides. The precipitate was covered with Mylar which was attached to
the cellulose tape. The planchet with tape, filter paper and Mylar
were weighed before the samples were mounted.

The samples were counted in a gas-flow end window proportional
counter having a background of about 12 counts per minute. Except
in a few of the standards where the iodine was less than about 20
parts per billion (ppb), there was little trouble separating the
25 minute 1128 activity from the decay curve of the combined fission
products of uranium:: 1131, I132, 1133. Il3h and 1335,

In general frequent 2 minute counts were performed until the
activity was less than 100 counts per 2 minutes. The counting of
the iodine monitors was then discontinued and the counting time for
uranium monitors and samples was lengthened to 5 minutes. A4ll
monitors and samples were counted alternately for 2-4 hours following
irradiation. Some counting was performed several hours later and
several days later. These later counts were necessary for measure-
ment of the long-lived activity in order to validate uranium content,
to check on I131 activity and to check for contamination.

A normal run consisted of 1 or 2 samples weighing 0.2 to 2
grams and 2 monitors each of iodine and uranium plus an empty capsule
as blank. After blanks containing distilled water were shown to

give the same activity as empty capsules, the empty capsules were



irradiated as blanks. In most instances blanks gave 50 counts per

minute at the beginning of counting, about 40 minutes after termination

of the irradiation. By the time all monitors and samples were

separated, blanks usually were near background activity. The entire

procedure on all samples and monitors normally took 90-120 minutes.
Great Namagualand troilite was irradiated for 2 hours with

iodine and uranium monitors together with monibors of about 1 mg

of tellurium as Te(NO3)ye. The sample was allowed to sit about am

hour after end of irradiation for the 25 minute %131 to decay to 1131.

Counting was performed every day: or two for several days to follow

the 131 activity ('b%. = 8 days). Correction was made for I131 from

uranium. The tellurium monitors were analyzed by the same procedure

as described for other monitors. Except in the case of this troilite,

measurable tellurium was not obgerved for the 25 minute irradiations.
The modifications of sample procedure used to dissolve Canyon

Diablo graphite are given in Appendix I,



IV. DATA AND DISCUSSION

The data obtained in the work done for this thesis are shown
in Tables III, IV, V and VI, Table IIT shows the iodine and uranium
contents of a group of United States Geological Survey samples.
Table IV shows similar data for a group of ultrabasic rocks. Table
V shows data for several different rock types and the deep sea
sediment data (Bemnett and Mammel, 1967b) (see Appendix II). Table
VI shows data on Great Namaqualand troilite and Canyon Diablo graphite
(Bennett and Manuel, 1967a) (see Appendix-I).

In the following discussion, an average crustal abundance of
iodine is estimated from the data on terrestrial rocks., This is
shown to be similar to the average iodine composition of chondritic
meteorites but much less than indicated by von Fellenberg'!s data
(1924, 1927) (see Tables I and IT). The wide variations in the
iodine abundances are employed to critically examine the theory of
®atomic dispersion" of iodine., The average crustal abundance of
iodine is combined with the high concentrations of xenon in terres-
trial shales (Canalas, 1967) in order to calculate an 1129 _xe129
formation interval for the earth. The age obtained is shown to be
similar to that for chondrites. Finally the abundance data on
meteorites are combined with noble gas data by Alexander et al (1967)
in order to calculate the contribution of iodine and tellurium to

the isotopic anomalies of xenon.
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A. Terrestrial Samples

Table III shows average values for iodine and uranium in United
States Geological Survey samples on the basis of 2 or 3 trials eache.
It is interesting to note the low iodine content of basalt, grano-
diorite and granite, Compare, especially, the granite and basalt
values with previous estimates (Tables I and II). Table V compares
the uranium results with available data on the same samples taken
from different positions. There is sufficient agreement to suggest
that differences are perhaps due to the different splits and positions
of the other samples.

Table IV shows data on a group of ultrabasic rocks and carbona-
tites. This group of ultrabasic rocks was analyzed because from the
limited information available on the earth's mantle, its composition
is thought to be similar to chondrites and ultrabasic rocks (Mason,
1958; Miyake, 1965; Wakita,ettal, 1967). Table VIII shows Goles
" and Anders" (1962) data en chondrites. The data on ultrabasic rocks
show a very wide range of values and sometimes separate analyses
for one rock do not agree. This may result from the fact that the
pieces of rock were not always of the same mineralogical composition,
since small pieces were broken from a large specimen with no attempt
being made to pick homogeneous samples or samples of the same com-
position from one trial to the next., If the rocks shown in Table IV
represent mantle material, the lodine content of the mantle is highly
variable. Since such wide variations are not observed in meteorites,
it appears that the iodine distribution in ultrabasic rocks has been

altered by geological processes,
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Table V shows abundances in a number of miscellaneous rockse.
These analyses were made in an attempt to show what kind of abundance
patterns might be expected. With sedimentary rocks, as with ultra-
basic rocks, a wide range of values is observed, This is to be
expected since iodine is corrélated with organic content (Mun and
Bazilevich, 1964).

The iodine data in Tables III, IV and V show variations of the
iodine abundances in terrestrial material by as much as a factor of
3,000. These results show that von Fellenberg's (1924, 1927) data
onn iodine were too high for the iodine-poor igneous rocks., Thus it
is indicated that the terrestrial distribution of iodine is governed
by geochemical principles and that contaminationsor low sensit:ivity
were responsible for the apparent “atomic dispersion® of this element
in early analyses,

In order to estimate a crustal iodine abundance, it is necessary
to consider the structure of the earth's crust (Figure III). According
to Clarke and Washington (1924) the earth's crust is by weight 95
per cent igneous rocks and 5 per cent sediments, The sediments
eontain 4 per cent shale, 0.25 per cent limestone and 0.75 per cent
sandstone, Using these values together with the iodine abundances
for granites and basalts from Table III and for shale, limestone
and sandstone from Table IV, the iodine content of the crust is
calculated to be aprroximately 170 parts per billion. This is similar
to the chondritic abundances of iodine as shown in Table VIII (Goles

and Anders, 1962).
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By, Formation Interval of the Earth

Brown (1947) first pointed out that the time interval between
formation of the elements and the formation of the earth could be
dated if the natural decay products of extinect, short-lived radio-
activity could be isolated. Reynolds! (1960a) discovery  of the
decay product of extinct I'29 in stone meteorites (ti = 17 million
years) has been used with meteoritic iodine abundances to rather
accurately date the formation time for meteorites (Goles and Anders,
1961; Jeffery and Reynolds, 1961; Manuel and Kuroda, 1964; Merrihue,
1966; Bennett and Manuel, 1967a; Hohenberg et al, 1967; Sabu and
Kuroda, 1967) at about 1-3 x- 108 years, depending on the model of
element synthesis used for the calculation.

The basis for the calculation can be outlined by the following

equationss::
1129 — Xelzgr + B" + D (1)
(7129 /1127y tee = (A29/1127), e~M29(c - s) (2)
(129/127), . = (el29F/027y, . o (3)

The first equation shows the decay of now extinct 1129 to form
radiogenic Xe129r. If synthesis of the elements in our solar system
ceased at some time t = s, then the ratio of 1129 to stable 1127
would thereafter decrease exponentially with the decay constant
**12?. At the time of condensation of planetary bodies, t = c, the
1129 /1127 pratio would be as shown in equation (2). During formation
of solid bodies, chemical processes would separate the gaseous decay
product , Xel29r , from the parent 1129, Since the T129 behaves
chemically as does 1127, the decay product of the 1129 yhich remained
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after time t = c would accumulate at the iodine sites in meteorites.
Jeffery and Reynolds (1961) have shown conclusively that this is

the site which releases the radiogemic Xel29T, Hence the observed
ratio of radiogenic Xe 2o to stable I'27 defines the I29/T127

ratio at time t = ¢, as indicated by equation (3)., This ratio can

be used in equation (2) to calculate the I*29-3el?9 formation interval,
4t = ¢ - s,

Although the above method has been used to calculate I129-Xel29
formation intervals for meteorites, similar calculations for the
earth are complicated by the absence of chemical abundance data for
the earth¥s interior and the more complex thermal history of the
earth, Since radiogenic Xel?9 has been trapped in meteorites, the
extent of outgassing of this decay product from the earth's interior
to the atmosphere is of particular significance in any calculation
of the formation interval of the earth., Because such calculations
are highly speculative, no exact calculations willibe shown here.
However the effect of the iodine and xenon data from this laboratory
on earlier calculations is illustrated below.

Reynolds (1960b) and Goles and Anders (1961) assumed the earth
to be completely outgassed in ecalculating the 1129 xe129 formation
interval for the earth. Their calculations showed that the formation
of the earth postdates the formation of the chondrites by 50 to 100
million years, The iodine data shown in Tables III, IW¥ and V indicate

- that the terrestrial abundance of iodine has been overestimated by

a factor of about 2 and Canalas (1967) has shown that shales alone
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may contain up to 9 times the xenon content of the atmosphere. Thus
if the atmosphere contains only one-tenth of the terrestrial abun-
dance of radiogenic Xelzgr, and if von Fellenberg's iodine data

are uniformly too high by a factor of 2, then the Xel?9' /1127 ratio
for the earth has been underestimated by a factor of about 20.
Since 4.3 half-lives of extinet I12?2 would be required to inecrease
the Xel?9r /1127 ratio by a factor of 20, the earlier calculations
of the I129.Xel29 formation interval for the earth may have over-
estimated this time span by 4.3 half-lives of I*27, ie 73 million
years. Thus this data suggests that the earth and the meteorites
are contemporaneous, within limits of the speculative assumptions

necessary to estimate an T129_%e129 formation interval for the earthe

C. Meteoritic Sampies-

Two meteorites were analyzed in this work. A detailed discussion
of the work on Canyon Diablo graphite will not be given here since
this is presented in the published manuscript shown in Appendix I.
The results of the iodine and uranium analyses on the graphite are
shown in Table VI,

By combining these results with the xenon data of Alexander
and Manuel (1967), the I129:Xe12? formation interval for this iron
meteorite was calculated and shown to be similar to the formation
intervals reported for chondrites, This is in contrast to Reynolds!
(1963) conclusion that the iron meteorites cooled about 200 million
years after the chondrites,

A great deal of difficulty was encountered in adapting the

analysis procedure for the graphite samples. The major problem



was in quickly dissolving the graphite without loss of iodine., The
modifications of the experimental procedure from that used for
silicates are shown in Appendix I,

A sample of troilite from the Great Namagualand iron meteorite
was analyzed for iodine, tellurium and uranium, The abundances of
iodine and uranium were determined from two samples irradiated for
25 minutes, Due to the relatively small neutron capture cross-
section of Tel3? and the long half-life of IL31l, the tellurium
abundance was determined on a separate samplle which had undergone
a two hour irradiation,

The iodine, tellurium and uranium abundances in the troilite
are shown in Table VI, The iodine and uranium contents in the Great
Namaqualand troilite are similar to those in Canyon Diablo troilite,
but the tellurium content of the Great Namagualand troilite is greater
than that reported in any troilite phase by Goles and iAnders (1962),.
In spite of the chalcophilic nature of tellurium, Goles and Anders
found the abundances of tellurium in troilite to be about equal to
the tellurium content of carbonaceous and enstatite chondrites.

The tellurium content in the Great Namagualand troilite, 18 pawrts

per million (ppm), corrésponds to an atomic ratio Te/S = 1.2 x 10~5

if the troilite is assumed to be pure FeS, This walue is in close
agreement with the cosmic Te/8 ratio reported by Suess and Urey (1956).

In an analysis of the abundance and isotopic composition of xenon
from the Great Namagqualand troilite, Alexander et al (1967) report
no isotopic anomalies except 1.5 x 10-12 cc STP excess Xel3l and
8.8 x 10712 cc STP excess Xel?? per gram of troilite, Since fission
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would also produce excesses at Xale, Xel 34 and X‘.‘elas, the anomalies
in the troilite are probably the result of nuclear reactions on
tellurium and/or the in situ decay of extinect I129,

Thermzal neutron capture on tellurium of terrestrial isotopie
composition would produce excess Xel?? and Xel3l in the ratio
Xel29/xel3l = 0.63. Since the anomalous xenon in the troilite
oceurs in the ratio Xel29/xel3l = 5,9, this origin of the Xel3l
would suggest the presence of 7.9 x 10=12 cc STP radiogenic Xel29
per gram of troilite or 8.8 x 10~2 cc STP radiogenic Xel2? per gram
of iodine,

For the continuous synthesis model described by Kohman (1961),
Kuroda (1961) has calculated the I129/1127 ratio at the end of
galactic nucleosynthesis to be (I129/1127)_ = 3 x 103, This corre-
sponds to a maximum of 0.52 cc STP radiogenic xel29 per gram of iodine
for meteorites which start to retain the gaseous Xe'?? decay product
immediately after nucleosynthesis. Since the Great Namaqualand
troilite contains 8.8 x 10=5 cc STP radiogenic Xel2?9 per gram of
iodine, this nodule began to retain radiogenic Xel29 about 216 million
years after an initial I'29/1127 patio of 3 x 1072,

The above is probably a minimum 1129 30129 age for this sample
since fast neutrons may produce a larger Xel??/%el3l ratio than
thermal neutrons. From the presently available cross section data
on tellurium (Goldberg et al, 1966), it appears that nonthermal
neutrons will produce a maximum Xel??/xel3l of about 3. Excesses
of Xel?9 and Xel3l have been found in tellurium ores in the ratio

Xel29/xel3l = 1.5-3.0 (Inghram and Reynolds, 1950; Takaoka and Ogata,



20

1966)., These anomalies have been attributed to neutron capture on
tellurium and to negative muon reactions (Takagi et al, 1967) on
7130, Tel30 (}l.“,n)Sblzg(‘“)Telz9(}')1129(’“)}{e129. If the excess
Xel3l was produced in some reaction which produced Xel29/xel3l & 3,
then the radiogenic Xe'?? in the troilite nodule of Great Namaqualand
could amount to as little as 4.3 x 10712 cc STP/gram. In this case
the T1%9.xe'?? formation interval would be 231 million years.

Thus the 1129-xa129 formation interval for the Great Namagualand
troilite appears to be in close agreement with the 1129-13129 age of
the Sardis troilite (Reynolds, 1963) but appreciably longer than the
I]'29-X1al‘29 age of Canyon Diablo graphite. The presence of excess:
Xelzg from neutron capture reactions on tellurium in the troilite
phases of both Sardis and Great Namagualand are consistent with the
proposed synthesis of I129 in the solar system (Fowler et al, 1962)
and Tel?8_xel29 dating of meteorites (Kuroda et al, 1967).

The results from this analysis of Great Namagualand troilite
have been combined with noble gas data from the mass spectrometer
laboratory in a manuscript entitled "On Noble Gas Anomalies in the
Great Namagualand Tioilite® by Alexander, Bennett and Mamuel., This
paper was submitted to Zeitschrift fir Naturforschung in November, 1967.
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V. CONCLUSIONS

The results of this investigation have shown the followings _

l. The atomic dispersion theory of terrestrial iodine is incon-
sistent with the results presented here.

2. Previous estimates of iodine abundance for the earth based
on von Fellenberg's data (1924, 1927) were high.

3; Deep sea sediments were found to be highly enriched in
iodine over previous estimates,.

4, From the iodine abundances in a number of terrestrial
materials, fairly concordant I129.%el29 ages are calculated for the
earth and for shondrites, Thus it seems likely that the early
history of the earth was similar to that for chondritese.

5. A new procedure for analyzing iodine in graphite was devel-
oped and a graphite nodule from an iron meteorite was found to have
an T129.xel29 age similar to chondrites,

6. A troilite nodule from an iron meteorite was found to be
enriched in tellurium and to have started retaining radiogenic
Xel29 about 100 million years later than chondrites,
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TABLE I.

TERRESTRIAL AND METEORITIC ABUNDANCES OF IODINE

Abundances in parts per billion (ppb)

Meteorite Data by Goles and Anders Data by von Fellenberg
(1962) (1927)
Mocs 50 ppb 1800 ppb
Ergheo 90 ppb w1200 ppb
Toluca metal 170, 320 ppb 1500 ppb
Canyon Diablo metal - 28 ppb 480 ppb
Igneous Rocks Data by  Kuroda and Crouch Data by von Fellenberg
(1962) (1924)
Granite 150 ppb average 440 ppb
200" ppb
380 ppb
Gneiss 40 ppb 380 ppb
Sedimentary Rocks Data by Itkina Data by von Fellenberg
_ (1956a) (1924)
Limestone 4,000 ppb 430 ppb
4G ppb
Sandstone 5,700 ppb 320 ppb
700 ppb
1600 ppb

*yon Fellenberg and Lunde (1927)



TABLE II.

JODINE ABUNDANCES AND ATOMIC DISPERSION

Rocks (Goldschmidt, 1962) Iodine (ppb)
Basalt 204
Labradorite rock 230
Barvikite 300
Granite 200
Obsidianite 320

Stone Meteorites (Kuroda et al, 1966) —Iodine (ppb)

Fayetteville Dark 71 + 28
Bruderheim 21 + 4
Juvinas 35+ 4
Stannern 635 + 20
Petersburg 83 £+ 25
Cumberland Falls 460 4 50
Moore County 81 + 8
Shallowater 188 + 18
Sioux County 14,0 4 0.3
Mt. Padbury 9% +2
Shalka 125 ¢ 59
Pema Blanca Spring 29.0 4 1.2

Pasamonte 173 4+ 48



UNITED STATES GEOLOGICAL SURVEY STANDARDS

TABLE III.

Sample Split Position prb I ppb U
Granite G-2 103 9 43,6 ¢ 8.3 1505 ¢ 175
Andesite AGV-1 2 22 11943 588 4 35
Peridotite PCC-1 59 - 19 102 + 35 27.8 4 9.4
Dunite DTS-1 26 6 110 £ 5 6.74 4 0.37
Basalt BCR-1 7 29 18.3 £ 2 676 4 68
Granodiorite GSP-1 75 25 16.3 $2 514 £ 54




TABLE IV.

ULTRABASIC ROCKS AND CARBONATITES
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Sample ppb I ppb U
Eclogite 32,1 125
California 87.3 60.8
Ecolgite 124 463
Germany 245 396
Eclogite 205 35.1
Germany 160 .22
Dunite 106 4,70
Dunite 153 <10
North Carolina
Peridotite changing to serpentine 367 <15
Vermont 237 11,6
Carbonatite 798 878
Tanganyika 737 762
Carbonatite with perovskite <500 4180
Arkansas <1000 8040
Carbonatite with koppite <500 3750
Norway 448 2050

Samples from Ward's Scientific Company



TABLE V.

MISCELLANEQUS ROCKS
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Sample ppb I pprb U
Gran 11;;; 4400 6750 + 500
s Peak
Grani;z;e < 50 1240 4 200
s Peak
Granite™® < 50 1140 + 200
Pikes Peak
Argil%acegg;c I.inaestone“ 137 4+ 21 30,6 #+ 4.6
ew. 10
Chalk Limestone' 8000 + 1600 116 + 80
England
Red S;nds;one** <20 237 + 54
ew York
Hornblende Schist™* <10 87.1 + 18
North Carolina
Calca;eous rksr;ale“* 3650 + 720 1710 4 340
ew York
Deep Sea Sediments
LUS-183 40300 + 3400 162 4 22
LUS-212 L6400 + 2400 61 + 24
LUS-217 149000 4 1000 250 + 100
ZEP-23 10900 4 2200 1500 4 400

ghﬁel from United States Geological Survey

**Samples from Ward®!s Scientific Sompany:



TABLE VI.

METEORITE DATA
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Sample ppb I ppb U ppm Te
Canyon Diablo graphite 340 4 130 129 4 40 e
637 + 210 84 + 40 S
337 # 35 108 ¢ 21 ————
Great Namaqualand troilite 9% 4 30 2.1 40.5 1845
Canyon Diablo troilite™” 62 3.5 5.0
Sardis troilite™” 3390 663 78
Grant troilite™™ 24 6e5 2.4
Toluca troilite” 1030 10 1,7
Soroti troilite™™ 50 17 1.2

*Some troilite inclusion
**Goles and Anders (1962)



28

TABLE VII.

URANIUM CORRELATIONS

Sample This work Hamilton Morgan and Heier
(1966) (1966)

Uraniuwm (ppm)

Granite G-2 1.5 1.64 2als 2416
Granodiorite GSP-1 0.51 1.80 1.7
Andesite AGV-1 0.59 1.47 1.9, 2.17
Basalt BCR-1 0.68 1.42 1.6, 181
Peridotite PCC-1 0.028 ~N0.005 0.0041

Dunite DTS-l 0.0067 ~N0,.003 0.,0032




TABLE VIII.

IODINE AND URANIUM IN CHONDRITES

All data from Goles and Anders (1962)

Meteorite ppb I prb U
Beardsley 60, 65 I
Richardton 31, 21, 33 13
Plainview k7, 50 13, 12
Bruderheim 16, 27, 5 11, 18 17
Mocs 50 11
Ergheo 90 21
Stilldalen 570 11
Indarch 210, 300, 300 8, 8, 11
Abee 140, 150 17, 12
St. Marks 64, 100 9, 120
Murray 150, 300, 230 18, 28, 15
Mighei 350, 270 21, 8




FIGURE I,

MONITOR PROCEDURE

represents separatory funnel (SF)

The chemicals inside the circle are initially in the separatory
funnel. Above the arrows are reagents added. Below the arrows

is the layer drained to the next separatory funnel.
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FIGURE IT.

represents separatory funnel (SF)

The chemicals inside the circle are initially in the separatory
funnel., Above the arrows are reagents added. Below the arrows

is the layer drained to the next separatory funnel.
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FIGURE III.

STRUCTURE OF THE EARTHIS CRUSBT
(From Miyake, 1955)
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ABSTRACT

Activation analyses on Canyon Diablo graphite show an iodine and
uranium content of 337 * 37 ppb and 108 * 21 ppb, respectively. The
1129 _ Xel29 formation interval for the graphite is calculated and found to
agree with the formation intervals reported for stone meteorites. During
exposure to cosmic- rays the Abee enstatite chondrite is shown to be =~ 25
times more effective than Canyon Diablo in producing epithermal neutrons.
The Kr86 anomaly in Canyon Diablo graphite and other meteorites is com=

pared to an unexplained Kr86 excess reported in pile-irradiated chondrites.



1. INTRODUCTION

The isotopic composition of xenon and krypton in Canyon Diablo
graphite has been reported in an earlier article in this journal[l]. In
addition to a large excess of Xe129, the graphite was reported to contain
excess Xel28, Krso, Kr82 and Kr86. These anomalies were attributed
to the decay of extinct 1129 and to neutron capture reactions on iodine,
bromine and rubidium. The iodine and uranium abundances in Canyon
Diablo graphite are reported in this article and used together with the
recently determined electron-capture branch of Rb86 [2] to discuss the

origin of the noble gas anomalies.
EXPERIMENTAL TECHNIQUE

The iodine and uranium content of Canyon Diablo graphite ware
determined by neutron activation analysis., The chemical procedure was
almost identical to that reported by Goles and Anders [3] and Clark, Rowe,
Ganapathy and Kuroda [24] . The samples were irradiated with two
aqueous monitors of each of the following salts: Nal, 'I‘e(NO3)4 and
UO2(NO3),. The irradiation was conducted in a local reactor for 25
minutes at a flux of ~ 5 x 1012 n/em?/sec.

The irradiated graphite samples were dissolved in a hot solution
of conc. H3SO4 and conc. H3PO4 containing an excess of CrO3. Conc.

HC] was leaked into this solution during the dissolution process to oxidize
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I, gas to IO3”, After the graphite was dissolved, an excess of hydroxyl-
amine hydrochloride was used to reduce IO3" to 12 and to destroy the
excess Cr03. The I?_ was extracted into carbon tetrachloride, then
cycled into an aqueous solution of NaHSOj, extracted into carbon tetra-
chloride using acidic NaNO,, and this cycle repeated three times. The
1" was precipitated from an acidic aqueous solution by the addition of
AgNO;. The Agl precipitate was filtered, dried and mounted on 2 inch
stainless steel planchets for proportional counting. Approximately 20 mg
of 1™ carrier which passed through the entire procedure with the graphite
gave yields of 20-40% for the graphite samples.

The monitors together with 20 mg of I carrier were subjected to
two cycles of the above described extraction, precipitated as Agl and
mounted in the same fashion as sample Agl. Yields of 75-90% were
observed for the monitors.

The samples and monitors were counted for gross P-activity in
a gas-flow end window proportional counter having a background 12 counts
per minute, The initial activity of 1128 j5 the sample was about an order
of magnitude greater than the other iodine activities and therefore easily
distinquished. The iodine from the uranium and tellurium monitors were
subjected to the first CCl, extraction within 2 minutes of the separation

time for the sample iodine. No tellurium was detected in the graphite.



3.

RESULTS AND DISCUSSION

3.1 Uranium and Iodine Content of Canyon Diablo Graphite

The results of our iodine and uranium measurements are shown
in Table 1 together with earlier measurements of iodine and uranium in
Canyon Diablo. The errors shown for our measurements were estimated
from the variation in activity of monitors and their yields relative to
sample yields. The smaller errors on sample No, 146 reflect an improve-~
ment in our procedure for removing the total monitor activity from the

polyethylene vials. The abundances of iodine and uranium for sample
No. 146 will be used in all calculations shown later,

The enrichment of iodine in graphite supports the suggestion of
Alexander and Manuel [1] that the excess Xel?8 and Xel29 in the graphite
originates from iodine. Uranium shows an even greater enrichment in
graphite. Although there have been no other measurements of uranium
in meteoritic graphite reported in the literature, Kim, Hwang and Sang 5]

report high uranium abundances in terrestrial graphite.
3.2 1129 . Xel2? Formation Interval

The Canyon Diablo graphite has been reported to contain
8.52 x 10710 cc STP excess Xel?? per gram [1]. Combining this value of
the decay product of 1129 with the iodine abundance shown in Table 1, the
formation interval for the Canyon Diablo graphite can be calculated from

the equation [6],

Atyog = (17/0.693) 1n (I1277xe1297) (1129/1127)  Million years. (1)
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The value ox;. the 112911127 ratio at the end of nucleosynthesis, (112911127)0.
depends on the model of element synthesis. For sudden synthesis the
ratio will be near unity and for contineous synthesis the longer the
duration of nucleosynthesis, the smaller will be the (112911127)0 ratio.
Many of the recent calculations of 1129 _ xXe!29 formation intervals for
stone meteorites use either (1129/1127)0 =3 x 10'3 [7] or (1129/1127) =
1. 25 x 10~3 [6]. These values of (1129111?‘7)0 in equation (1), together
with the iodine and radiogenic Xel29 abundances mentioned above, yield
1129 _ Xel29 formation intervals of At = 131 and 110 million years, respectively.
Kuroda et al [4] have measured xenon and iodine in twelve stone
meteorites. Using (1129/1127)0 =3 x 10"3, they calculate 1129 _ Xe129
formation intervals with the range of 127-300 million years. Hohenberg et al
[8] calculate a somewhat different 1129 - Xel29 formation interval by
analyzing for xenon from neutron-irradiated meteorites. By comparing the
release of radiogenic Xel29 with pile-produced Xelzs, the latter have shown
that the high temperature minerals of the chondrites began to retain radio-
genic Xel29 about 61 million years after an initial (11291112?)0 =1, 25 x 10-3,
However, the same chondrites show appreciably longer formation intervals
for the low temperature minerals [9]. Thus, our value of At = 110 million
years for the graphite is difficult to relate to the 1129 _ Xe129 formation
interval calculated by Hoﬁenberg et al [8].
Since the 1129 - Xel29 formation intervals calculated by Kuroda et al
[4] are based on the same method used here (ie comparing the total iodine

and radiogenic Xel29 abundances in the sample), any difference in the



formation time for stone and iron meteorites will be best illustrated by
comparing the formation interval of the graphite (At = 131 m. y. ) with the
range of formation intervals which Kuroda et al [4] obtain for stone meteo-
rites (127 m.y. < At < 300 m.y.). This indicates that there is no appreci-
able difference in the formation time for iron and stone meteorites.

In contrast to the above conclusion, Reynolds [10] reports a total of
1.3 x 10710 c¢c STP excess Xel?9 in Sardis troilite. Comparing this with
an iodine content of 3.59 ppm reported by Goles and Anders [3], Reynolds
suggested that coocling of the troilite postdates the cooling of the chondrites
by about 200 m.y. To compare Reynoldslresults with the formation
intervals calculated by Kuroda et al [4] » the above values and (1129/1127)0 =
3 x 10-3 were used in equation (1). This yields an 1129 _ xel29 formation

{
interval of &t = 234 m. y. for the troilite.

3.3 Neutrons in Canyon Diablo

Marti, Eberhardt and Geiss [11] have shown that the Kr80, Kr82
and Xel28 in the Abee and Mezg-Madaras chondrites are due to neutron
capture of intermediate or fast neutrons. They note that the relative
abundances of these neutron-capture products and the abundances of
bromine and iodine in chondrites are in excellent agreement with the
neutron capture cross sections for 30-300 ev neutron energies. Although
the excess Kr80 and Kr82 in Canyon Diablo graphite are 5-10 times larger
than the excess Kr80 and Kr82 in Abee or Mezg-Madaras, the ratio of
excess Kr80 to Kr82 in the graphite is 2.5 [1] » in close agreement with the

cross-section of bromine for 30-300 ev neutrons [11] .



By comparing the cosmic ray exposure ages, the iodine abundances
and the excess Xel?8 in Canyon Diablo graphite and in Abee, the relative
production rates of Xel?8 from iodine can be calculated for these two
meteorites.

Fisher and Schaeffer [12] have measured the abundances of the
light noble gases in the metal phase of Canyon Diablo. They calculate an
Ar36/C136 exposure age of 160 million years., Table 2 compares the
abundances of the light noble gases in the graphite and the metal regions of
Canyon Diablo. The low abundance of cosmogenic helium in the graphite
is probably due to selective loss of helium from this sample. This may
have occurred at the time of impact or during the twelve hour preheating
of the sample to = 100°C prior to gas analysis [1]. We intrepret the close
agreement in the abundance of cosmogenic neon in the metal and graphite
regions to indicate that the samples were exposed to essentially the same
total cosmic ray flux.

The neutron flux, f, of 30-200 ev neutrons acting on Abee and
Canyon Diablo during their cosmic ray exposure age, t, is

_ [ Xe'?8%] ppee [T x tl ¢, p,

GC.Dy
i 128% 127 ’
[ Xe 1 [1 x t] Abee

/f

fAbee (3)

C.D.

where Xel28¥ j5 excess produced by neutron capture on iodine. For Abee,
Marti et al [11] list an exposure age of 6 million years, 145 ppb iodine, and
2.5 x 10712 ¢cc STP excess Xel28 per gram, For Canyon Diablo graphite

we use an exposure age of 160 million years [12], 337 ppb iodine and
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7.2 x 10712 cc STP excess Xel28 per gram [1]. These values in equation
(3) indicate that the cosmic ray flux on Abee during its exposure age was
approximately 25 times more effective than the cosmic ray flux on Canyon
Diablo in the production of Xel?8 from iodine. This difference results from
many causes, eg., the depth of the sample in the meteorite, the slowing
down density of the neutrons, and the cross sections for other neutron
reactions in the meteorite. The contribution of these factors in chondrites
has been described by Eberhardt, Geiss and Lutz [13].

From the iodine abundance shown in Table 1, the excess Kr80 and
Xelza [1] and the neutron cross-sections of bromine and iodine for 30-300
ev neutrons [11}, the bromine content of Canyon Diablo graphite is

estimated to be 15 ppm.

3.4 The Kr86 Anomaly

Alexander and Manuel [1] reported a small excess of Kr86 i

Canyon Diablo graphite and pointed out that neutron capture on Rb85
followed by an electron capture branch in the decay of Rb86 might be
responsible for the Kr86 anomaly. Excess Kr86 has also been reported in
Fayetteville [14], Abee, Canyon Diablo troilite [15], Richardton and Orgueil
[16]. In the following discussion it is shown that Rb8® is not responsible for
the excess Kr86 in meteorites, but that a neutron irradiation of meteoritic

material will produce an excess of Kr86 from some source other than

fission of U235,
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The excess Kr80 in Canyon Diablo graphite is 6. 2% of the excess

Kr80, To demonstrate that RbB6 is not responsible for the Kr86

anomaly,

we use the following equation to calculate the rubidium abundance necessary
to produce the excess Kr36.

(KrB0/Kr80)  egs = g, o /A p-) [RBS5 10 g5 /[Br 190 pg (4)
Alexander, Manuel and Ganapathy [2] have measured the isotopic composition
of krypton from an irradiated rubidium salt and shown that Apy ¢,/ XB- = 5x
10°° gor RB9®, Pow thermal neutrone ogg/o79 = 0.067 [17]. For epithermal
neutrons the 0'85/0'79 ratio is appreciably smaller due to the large epithermal
resonances in bromine and their absence in rubidium [17]. Thus the
miniumum rubidium content necessary to produce the Kr86 anomaly will
result from the use of thermal neutron cross sections in equation (4).

9 and

Using 15 ppm for bromine and thermal neutron cross sections of Br
Rb85, equation (4) indicates that the graphite would have to contain a
minimum of 21% rubidium by weight in order to account for the Kr86
anomaly. By a similar calculation it can be shown that all reports of excess
Kr86 in meteorites would necessitate unreasonably large rubidium abun-
dances to produce the excess Kr86 from electron capture of Rb36,

Although neutron capture on Rb85 is not responsible for the excess
Kr86 in meteorites, Merrihue [18] has reported an excess of Kr86 in
neutron-irradiated samples of Abee and Bruderheim chondrules. An

integrated flux of 5.59 x 1018 n/cm2 [8] on the chondrules, IBC-21, pro-

duced 2,0 + 0.5 x 10~12 cc STP excess Kr86 per gram and an integrated
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flux of 1. 15 x 1019 n/cmz [8] on Abee resulted in 20 +3x 1012' cc STP excess
Kr86 per gram. The fission produced krypton, Kraf’f, can be calculated
from the following equa.tio.n.
Kr86f = ¢ g [U235] v86 (5)
In this equation f is the integrated neutron flux, o¢ is the cross section for
neutron-induced fission of U235, and Y86 is the fission yield at mass 86.
The uranium content of the Bruderheim chondrules IBC-21 has been
calculated to be 17 ppb from the amount of fissiogenic xenon produced by
the irradiation [18]. This value avoids any contamination or inhomogenity

problems since the excess Kr86

and fissiogenic xenon were measured from
the same sample. The spectrum for heavy xenon isotopes in the irradiated
Abee sample has not been published. Other investigators report the
uranium in Abee as 17 ppb [3], 12 ppb [3] and 11 ppb [19]. Using an average
of these uranium values for Abee together with o¢ = 580 barns and v86 =
2.02% [20], equation (5) yields

[Kr86f] ,,  =1.2x10712 cc STP/gm, and

[Kr86f] o o5y = 0.76 x 10712 cc STP/gm.

The excess Kr8® from some source other than U435 gmounts to 19 +3x
10~12 cc STP per gram in Abee and 1.2 + 0.5 x 10712 cc STP per gram in
the Bruderheim chondrules.

86%*

The amount of krypton, Kr , which comes from the electron

capture branch of Rb8® can be calculated from the following equation,

[Kr86%] = £ oo [RBPS] (Mg o /2g-) (6)
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Here f is the integrated flux, 9g5 is the thermal neutron cross section of
Rb85 and Mg, /A p- is the branching ratio in the decay of Rb86. Gast [21]
found 3.45 and 3.41 ppm rubidium in Abee. The rubidium content of the
Bruderheim chondrules has not been reported. For a whole sample of
Bruderheim, Shields [22] found 2.79 ppm rubidium. This rubidium value
will be used for the Bruderheim chondrules in the following calculations.

For the above rubidium contents, 0gg = 0. 76 barns [17], g, ¢, /A p~- =
5 x 107> [2], and the integrated neutron fluxes given earlier, equation (6)
yields

-13 < STP/gm, and

(K86, . =2.8x10
[Kr86¥] 1 n 51 = 1.1x 10713 cc STP/gm.

Thus, aside from the production of Kr36 from U235 znd Rbss. the
irradiation of Abee and Bruderheim chondrules produced an excess of K86
amounting to 19 + 3 x 10712 ¢ STP/gm and 1.1+ 0.5 x 10"12 cc STP/gm,
respectively.

The larger excess Kr86 in Abee is probably due to the greater
flux on Abee a.izd to a greater abundance of the target nuclei which produce
Kr86 during the irradiation. If the difference in flux on the two samples
is eliminated, then the Bruderheim sample is found to be depleted in the
target nuclei by a factor of 8.4 1 4 relative to Abee. By comparison
Larimer and Anders [23] report Ag, Ga, Ge, I and Te in ordinary chon-

drites to be depleted relative to Type I enstatite chondrites by factors of

7.8, 4.2, 5.6, 6.8 and 5.4, respectively. This suggests that the element
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responsible for the excess Kr®® in the irradiated samples may follow the
chemistry of the elements intermediate between metals and nonmetals in
the right-hand side of the periodic table.

We do not understand the origin of the excess Kr86 produced in
pile-irradiated meteorites. The krypton spectra have been reported for
only three irradiated meteorite samples [17], Abee, Bruderheim and

86

Bruderheim chondrules. Each shows an excess of Kr®®° above that pro-

duced from U235 or Rb83, The whole sample of irradiated Bruderheim

86

contained about the same excess Kr as the irradiated Bruderheim

chondrules, but the statistical error on Kr86

in the whole sample is larger
than the excess Kr86. From the data available it is not possible to deter-
mine if this excess Kr86 ig accompanied by excess Kr8% ana Kr83, as
would be expected from fission. The neutron irradiation of a meteorite
sample produces all the krypton isotopes except Kr?8, which Merrihue [17]
does not report. In the above calculations we have used the excess Kr86
values reported by Merrihue, who normalized the krypton spectrum to
Kr84. Since fission contributes to Kr83, Kr84 and K:r.-36, this normal-
ization gives a lower limit of the excess Kr86.

The excess Kr86 in the unirradiated meteorites is apparently not
due to fission of extinct Pu2‘44, since Hohenberg, Munk and Reynolds [26]

note that the excess Kr8® in Pasamonte is so large that 'our lower limit for

fission krypton exceeds that estimated from Pu244 by a factor of 12'. Thus



o

an unexplained excess of Kr86 has been reported in seven unirradiated
meteorites [1, 14, 15, 16, 26] and produced in all reports of krypton
analyses from pile-irradiated meteorites. It therefore seems likely that
neutron-induced reactions are responsible for the excess Kr86 observed

in Canyon Diablo graphite and six other meteorites.
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TABLE 1

IODINE AND URANIUM IN CANYON DIABLO

Sample Wt, I U
Sample Run (mg.) (p.p.b.) {p. p.b.) Investigator
Graphite 82 169 340 + 130 129 + 40 | This work
102% 93 637 * 210 84 * 40 This work
146 157 337+ 35 108 + 21 This work
Metal 27A 1060 28 + 4 <0, 6 Goles and Anders [3]
Troilite 25A 3000 62 +8 3.5t 0.4 Goles and Anders [3]

*Small troilite inclusion noticed in sample after irradiation,



TABLE 2

HELIUM, NEON AND ARGON IN. CANYON DIABLO
(x10-8 cc STP/gram)

GRAPHITE METAL
He3 2.5 94
He4 94 320
Nezo 1. 83 | e
Ne?2l 1.37 0.97
Ne22 1. 77 1. 05
Ar36 —— 2.7
Ap38 ———- 4.3

Investigator Alexander [25] Fisher and Schaeffer [12]
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ON IODINE ABUNDANCES IN DEEP SEA SEDIMENTS
Je He Benmett and 0, K, Manuel

Chenmistry Department
University of Missouri, Rolla, Missouri 65401

Iodine abundance in deep sea sediments have been estimated at 0,05 ppm
by Turekian and Wedepohl [1961] from the I/Cl ratio of the sea, However,
chlorine and bromine are greatly enriched in deep sea sediments whereas an
iodine abundance of 0,05 ppm is less than that found in igneous rocks.

Neutron activation amalysis for iodine and uranium was conducted using
a flux of =5 x 1012 n/cm?sec from the reactor on campus, The chemical
separation was 8imilar to that used by Goles and Anders [1962] and Clark,
et, al, [1967]. Samples weighing about 0.3 grams were irradiated with
monitors for 25 minutes and the resulting iodine activities were counted for
gross P-activity in a gas-flow end window proportional counter having a back-
ground of 12 counts per minute, The huge 1128 activity was easily distinguish-
able from the longer lived iodine isotopes from uranium, No 1131 activity
from tellurium was observed,

The data obtained on deep sea sediments are shown in Table 1 along with
data for Bruderheim, a meteorite whose iodine abundance is well-known, The
Bruderheim data agrees well with literature values [Goles and Anders, 1962;
Kuroda et, al., 1966], although Bruderheim contains appreciably less iodine
and uranium than the sediments, Several blank analyses were conducted by
irradiating distilled water in the polyethylene capsules as used for monitors
and samples., The resulting activities were less than 17 of the activities
observed in the samples, Each of the values shown in Table 1 are the average
of two determinations. The errors represent the differences between the two

trials and encompass the errors due to technique and measurement,
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The deep sea sediments were obtained from Professor E. D. Goldberg and
are described by Goldberg et, al, [1964] and by Goldberg and Griffin [1964].
The locations, depths and mineral constituents of each sample are shown in
Table 1. From this data no conclusions can be made about the association of
iodine with any one mineral or with the calcium carbonate content, The exact
iodine content may depend on organic content, as Gulyayeva and Itkina [1962]
have emphasized, or on sorption of iodine on clays [Vinogradov, 19393 1957].
Although no data are available on the organic carbon content of the sediments
analyzed, the rather uniform iodine abundances and the absence of any correla=-
tion with clay or carbonate content may reflect uniform amounts of organics
in these sediments, Since ZEP 23 was taken considerable north of the other
samples, this might be an area of local iodine depletion and uranium enrichment.

On the basis of the LUS samples primarily, it is concluded that deep sea
sediments can contain up to 50 ppm iodine. Thus Turekian and Wedepohl!s [1961]
estimate of 0.05 ppm is drastically low, The iocdine in deep sea sediments
appears to be higher than in shales or igneous rocks, Using the deep sea sedi=
ment data reported by Turekian and Wedepohl together with the iodine values
obtained in this work, the Br/I and Cl/I ratios in the deep sea sediments are
calculated to be 1l.4 and 420, respectively, for the three sediments from the
Lusiad Expedition and 7 and 2100, respectively, for the Zephyrus sample ZEP-23.
These ratios are much lower than found in sea water but about the same as in
igneous rocks [Turekian and Wedepohl, 1961],
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TABLE 1
IODINE AND URANIUM

IN DEEP SEA SEDIMENTS

Samples Investigator

LUS~183 LUS=-212 LUS=-217 ZEP-23

I (ppm) 40,3 46,4 49 10.9 This work
+ 3.4 + 2.4 + 10 + 2.2
U (ppb) 162 61 250 1500 This work
+ 22 + 24 + 100 + 400
Water Depth (m) 3500 4360 3340 5214 Goldberg and Griffin[ 1964)
Goldberg 22? al, [1964]
Core Depth (cm) 33=37 70-74 60=64 65-70 ibid.
Location ibid.,
latitude 199441s 6°47'N  3°56'N  26°14'N
longitude 12°55'W 19°18'w 34%04'w  26°27'w
Ga003 Content 89% 547 62% 617 ibid.
Minerals ibid.
montmorillonite 247, 16% 23% 167%
illite 40% 187 30% L4%
kaolinite 217 52% 35% 27%
chlorite 13% 147, 127 13%
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Iodine abundance in deep-sea sediments has
been estimated at 0.05 ppm by Turekian and
Wedepohl [1961] from the I/Cl ratio of the
sea. Chlorine and bromine are, however, greatly
enriched in deep-sea sediments, but an iodine
abundance of 0.05 ppm is less than the iodine
abundance found in igneous rocks.

Neutron activation analysis for iodine and
uranium was conducted using a flux of =5 X
10 n/em® sec from the reactor on campus. The
chemical separation was similar to the method
used by Goles and Anders [1962] and Clark
et al. [19687]. Samples weighing about 0.3
gram were irradiated with monitors for 25
min, and the resulting iodine activities were
counted for gross 8 activity in a gas-flow end-
window proportional counter having a back-
ground of 12 counts/min. The huge I'**® activity
was easily distinguishable from the longer-lived
iodine isotopes from uranium. No I' activity
from tellurium was observed.

The data obtained from deep-sea sediments

are shown in Table 1 along with data for
Bruderheim, a meteorite whose iodine abun-
dance is well known. The Bruderheim data agree
well with values from the literature [Goles and
Anders, 1962; Kuroda et al., 1966], although
Bruderheim contains appreciably less iodine and
uranium than the sediments. Several blank
analyses were conducted by irradiating distilled
water in the polyethylene capsules as used for
monitors and samples. The resulting activities
were less than 19 of the activities observed in
the samples. Bach of the values shown in Table
1 is the average of two determinations. The
errors represent the differences between the
two trials and encompass the errors due to
technique and measurement.

The deep-sea sediments were obtained from
E. D. Goldberg and are described by Goldberg
et al. [1964] and by Goldberg and Griffin
[1964]. The locations, depths, and mineral con-
stituents of each sample are shown in Table 1.
From these data no conclusions can be made

TABLE 1. Iodine and Uranium in Deep-Sea Sediments

Samples
LUS-183 LUSs-212 LUS-217 ZEP-23
I,* ppm 40.3 = 3.4 46.4 = 2.4 49 + 10 10.9 + 2.2
U,* ppb 162 = 22 61 = 24 250 + 100 1500 == 400
Water depth,t m 3500 4360 3340 5214
Core depth,f cm 33-37 70-74 60-64 65-70
Locationt
Latitude 19°44'S 6°47'N 3°56'N 26°14'N
Longitude 12°55'W 19°18'W 34°04'W 26°27T'W
CaCOj; contentf 899, 549, 62% 61%,
Mineralsf
Montmorillonite 24.97, 169%, 23% 16%,
lite 40% 18%, 30% 449,
Kaolinite 219%, 52%, 35% 27%
Chlorite 139, 149, 129, 13%
* This work.

t Goldberg and Griffin [1964] and Goldberg et al. [1964].
2302
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ON THE ORIGIN OF NOBLE GAS ANOMALIES
IN CANYON DIABLO GRAPHITE
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Activation analyses on Canyon Diablo graphite show an iodine and uranium content of 337 £ 35 ppb and
108 £ 21 ppb, respectively. The 1291 - 129Xe formation interval for the graphite is calculated and found to agree
with the formation intervals reported for stone meteorites. During exposure to cosmic rays the Abee enstatite chon-
drite is shown to be = 50 times more effective than Canyon Diablo in producing epithermal neutrons. The 86Kz

anomaly in Canyon Diablo graphite and other meteorites is compared to an unexplained 86

pile-irradiated chondrites.

1. INTRODUCTION

The isotopic composition of xenon and krypton in
Canyon Diablo graphite has been reported in an ear-
lier article in this journal [1]. In addition to a large
excess of 129Xe, the raphite was reported to contain
excess 128Xe, 8OKr, 2Kr and 86Kr. These anomalies
were attributed to the decay of extinct 1291 and to
neutron capture reactions on iodine, bromine and ru-
bidium. The iodine and uranium abundances in Cany-

on Diablo graphite are reported in this article and used

together with the recently determined electron-cap-
ture branch of 86Rb [2] to discuss the origin of the
noble gas anomalies.

2. EXPERIMENTAL TECHNIQUE

The iodine and uranium contents of Canyon Diablo

graphite were determined by neutron activation anal-
ysis. The chemical procedure was almost identical to
that reported by Goles and Anders [3] and Clark,
Rowe, Ganapathy and Kuroda [4]. The samples were
irradiated with two aqueous monitors of each of the
following salts: Nal, Te(NO3)4 and UO,(NO3),. The

irradiation was conducted in a local reactor for 25 min

at a flux of ~ 5 X 1012 nfcm2/sec.

Kr excess reported in

The irradiated graphite samples were dissolved in a
hot solution of conc. H»SO4 and conc. H3PO4 con-
taining an excess of CrO3. Conc. HCl was leaked into
this solution during the dissolution process to oxidize
I, gas to IO3™. After the graphite was dissolved, an
excess of hydroxylamine hydrochloride was used to
reduce I03™ to I and to destroy the excess CrO3.
The I, was extracted into carbon tetrachloride, then
cycled into an aqueous solution of NaHSO3, extracted
into carbon tetrachloride using acidic NaNO», and this
cycle repeated three times. The I” was precipitated
from an acidic aqueous solution by the addition of
AgNO3. The Agl precipitate was filtered, dried and
mounted on 2 in. stainless steel planchets for propor-
tional counting. Approximately 20 mg of I” carrier
which passed through the entire procedure with the
graphite gave yields of 20-40% for the graphite sam-
ples. It should be noted that this procedure may con-
tain an inherent error if there is loss of iodine before
the carrier equilibrates with the sample.

The monitors together with 20 mg of I” carrier
were subjected to two cycles of the above described
extraction, precipitated as Agl and mounted in the
same fashion as sample Agl. Yields of 75-90% were
observed for the monitors. Several blank analyses on
distilled water enclosed in the same polyethylene cap-
sules as used for the samples and monitors produced
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Table 1
[odine and uranium in Canyon Diablo.
Sample wt. I 8}

Sample - Run (mg) (ppb) (ppb) Reference
Graphite 82 169 340 £ 130 129 %40 This work

102 93 637 £210 84 =40 This work

146 157 337+ 35 108 *21 This work
Metal 27A 1060 28 4 < 0.6 Goles and Ande
Troilite 25A 3000 62 38 3.5+ 0.4 Goles and Ande

* Small troilite inclusion noticed in sample after irradiation.

activities which would correspond to less than S ppb
iodine for a 100 mg sample.

The samples and monitors were counted for gross
B-activity in a gas-flow end window proportional
counter having a background 12 counts per min. The
initial activity of 1281 in the sample was about an or-
der of magnitude greater than the other iodine activi-
ties and therefore easily distinguished. The iodine
from the uranium and tellurium monitors was sub-
jected to the first CCl4 extraction within 2 min of the
separation time for the sample iodine. Due to the rela-
tivelg long halflife of 1311 and the small cross section
of 1 Te, this procedure is not very sensitive for tellu-
rium. From the absence of excess 1317 activity in
these samples we estimate an upper limit of 2 ppm for
tellurium.

3. RESULTS AND DISCUSSION

3.1. Uranium and iodine content of Canyor Diablo
graphite

The results of our iodine and uranium measure-
ments are shown in table 1 together with earlier meas-
urements of iodine and uranium in Canyon Diablo.
The high iodine abundance shown for sample 102
may result from the troilite inclusion. Goles and An-
ders [3] report 3590 ppb iodine in the troilite phase
of Sardis. The errors shown for our measurements
were estimated from the variation in activity of moni-
tors and their yields relative to sample yields. The
smaller errors on sample No. 146 reflect an improve-
ment in our procedure for removing the total monitor
activity from the polyethylene vials. The abundances

of iodine and uranium for sample No. 146 w
in all calculations shown later.

The enrichment of iodine in graphite supj
suggestion of Alexander and Manuel [1] tha
cess 128Xe and 129Xe in the graphite origin
iodine. Uranium shows an even greater enric|
graphite. Although there have been no other
ments of uranium in meteoritic graphite rep«
the literature, Kim, Hwang and Sang [6] rep
uranium abundances in terrestrial graphite.

3.2. 1291 129 x¢ formation interval

The Canyon Diablo graph;te has been rep
contain 8.52 X 10°10 cm3 STP excess 129X
gram [1]. Combining this value of the decay
of 1291 with the iodine abundance shown in
the formation interval for the Canyon Diabl
can be estimated from the equation [7],

At]29 =(17/0.693) In (1271/1297Xe)
x (129111 271)0 million yea:

It should be noted that the formation interv:
lated by eq. (1) are based on a generic relatic
tween iodine and excess 129Xe, although thi
tionship has not been experimentally establi:
iron meteorites. Many of the recent calculati
1291 _ 129X formation intervals for stone n
use either (1291/1271) =3 x 1073 [8] or (1
1271) = 1.25 X 1073 [7]. These values of (1-
in eq. (1), together with the iodine and radic
Xe abundances mentioned above, yield 1
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129%e formation intervals of Az = 131 and 110 mil-
lion years, respectively.

Kuroda, Rowe, Clark and Ganapathy [5] have
measured total xenon and iodine in twelve stone me-
teorites. Usin%(lzgli1 2'}'1)0 =3 X 1073, they calcu-
late 1291 - 129Xe formation intervals with the range
of 127-300 million years. Hohenberg, Podosek and
Regnolds [9] calculate a somewhat different 1291 .
129X e formation interval by analyzing for xenon
from neutron-irradiated meteorites. By comparing the
release of radiogenic 129x%e with pile-produced
128xe, the latter have shown that the high tempera-
ture minerals of the chondrites began to retain radio-
genic 129Xe about 61 million years after an initial
(1291/1271)0 = 1.25 X 10-3. However, the same chon-
drites show appreciably less radiogenic 129%¢ asso-
ciated with iodine in the low temperature minerals.

Since the 1291 - 129Xe formation intervals calcu-
lated by Kuroda, Rowe, Clark and Ganapathy [5] are
based on the same method used here (i.e. comparing
the total iodine and radiogenic 129Xe abundances in
the sample), any difference in the formation time for
stone and iron meteorites will be best illustrated by
comparing the formation interval of the graphite (Az =
131 m.y.) with the range of formation intervals which
Kuroda, Rowe, Clark and Ganapathy [5] obtain for
stone meteorites (127 m.y. < A7 <300 m.y.). This in-
dicates that there is no appreciable difference in the
formation time for iron and stone meteorites. In con-
trast to this conclusion, Reynolds [10] has suggested
that the cooling of Sardis troilite postdates the cool-
ing of chondrites by about 200 m.y.

3.3. Neutrons in Canyon Diablo

Marti, Eberhardt and Geiss [11] have shown that
the 80Kr, 82Kr and 128Xe in the Abee and Mezo-
Madaras chondrites are due to neutron capture of in-
termediate or fast neutrons. They note that the rela-
tive abundances of these neutron-capture products
and the abundances of bromine and iodine in chon-
drites are in excellent agreement with the neutron
capture cross sections for 30-300 eV neutron energies.
Although the excess 80Kr and 82Kr in Canyon Diablo
graphite is 5-10 times larger than the excess 80Kr
and 82Kr in Abee or Mezo6-Madaras, the ratio of ex-
cess 80Kr to 82Kr in the graphite is 2.5 [1], in close
agreement with the cross section of bromine for 30-
300 eV neutrons [11].

Table 2
Helium, neon and argon in Canyon Diablo
(X 10-8 cm3 STP/g).

Graphite Metal
3He 2.5 94
4He 94 320
20Ne 1.83 =
21Ne 1.37 0.97
22Ne 1.9%7 1.05
36Ar - 2.9
38Ar . 4.3
3He/21Ne 1.8 97
Investigator | Alexander [26] | Fisher and Schaeffer [12]

By comparing the cosmic ray exposure ages, the
iodine abundances and the excess 128Xe in Canyon
Diablo graphite and in Abee, the relative production
rates of 128Xe from iodine can be calculated for these
two meteorites.

Fisher and Schaeffer [12] have measured the abun-
dances of the light noble gases in the metal phase of
Canyon Diablo. They calculate an 36413601 expo-
sure age of 160 million years. Table 2 compares the
abundances of the light noble gases in the graphite
and the metal regions of Canyon Diablo. The low
3He/21Ne ratio in the graphite may be due to selec-
tive loss of helium from this sample, either at the
time of impact or during the twelve hour preheating
of the sample to &~ 100°C prior to gas analysis [1].
Heymann, Lipschutz, Nielsen and Anders [13] list the
abundances of some of the light noble gases in 61
fragments of Canyon Diablo. The 3He content varied
from < 0.03 X 1078 to 294 X 108 ¢m3 STP per gram,
but the neon and argon contents were only reported
for samples with at least 10 X 10-8 cm3 STP 2He/g.
These gas-rich samples displayed 3He/21Ne = 77-110
and cosmic ray exposure ages clustering near 170 and
540 m.y.

The neutron flux, f, of 30-300 eV neutrons acting
on Abee and Canyon Diablo during their cosmic ray
exposure age, f, is

[128Xe*] Apee[1271X 2] e .
[128Xe*] .0 [1271 X 1] Abee

faveellcD.= »(2)
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where 128Xe* is excess produced by neutron capture
on iodine. For Abee, Marti, Eberhardt and Geiss [11]
list an exposure age of 6 m.y., 145 ppb iodine, and
2.5% 10°12 ¢m3 STP excess 128Xe per gram. For
Canyon Diablo graphite we use an exposure age of
170-540 m.y. [13], 337 ppb iodine and 7.2 X 10-12
cm3 STP excess 128Xe per gram [1]. These values in
eq. (2) indicate that the cosmic ray flux on Abee dur-
ing its exposure age was approximately 23-73 times
more effective than the cosmic ray flux on Canyon
Diablo in the production of 128xe from iodine. This
difference results from many causes, e.g., the depth of
the sample in the meteorite, the slowing down density
of the neutrons, and the cross sections for other neu-
tron reactions in the meteorite. The contribution of
these factors in chondrites has been described by
Eberhardt, Geiss and Lutz [14].

From the iodine abundance shown in table 1, the
excess 80Kr and 128Xe [1] and the neutron cross
sections of bromine and iodine for 30-300 eV neu-
trons [11], the bromine content of Canyon Diablo
graphite is estimated to be 15 ppm.

3.4. The SOKr anomaly

Alexander and Manuel [1] reported a small excess
of 86Kr in Canyon Diablo 5graphite and pointed out
that neutron capture on 85Rb followed by an electron
capture branch in the decay of 86RD might be respon-
sible for the 86Kr anomaly. An excess of 86K is also
observed when the krypton spectra of Fayetteville
[15], Abee, Canyon Diablo troilite [16], Richardton
and Orgueil [17] are normalized to 3#Kr and com-
pared with atmospheric krypton. In the following dis-
cussion it is shown that 86Rb is not responsible for
the excess 86Kr in meteorites, but that neutron irra-
diation of meteoritic material will produce an excess
of 86K from some source other than fission of 235U.

The excess 86Kr in Canyon Diablo graphite is 6.2%
of the excess 80Kr. To demonstrate that 36Rb is not
responsible for the 86Ky anomaly, we use the follow-
ing equation to calculate the rubidium abundance nec-
essary to produce the excess 86Kr.

(86Kr/ 80Kn)excess = AE.C./ Ag™)
X [85Rb] ogs/[7?Brlo79. (3)

Alexander, Manuel and Ganapathy [2] have measured

the isotopic composition of krypton from ar
ated rubidium salt and shown that Ag ¢ /\g
1073 for 836Rb. For thermal neutrons 085/0-;
0.067 [18]. For epithermal neutrons the og:
tio is appreciably smaller due to the large epi
resonances in bromine and their absence in r
[18]. Using 15 ppm for bromine and therma
cross sections of /?Br and 85Rb, eq. (3) indi
the graphite would have to contain a minimu
rubidium by weight in order to account for 1
anomaly. By a similar calculation it can be st
all reports of excess 86Kr in meteorites woul
sitate unreasonably large rubidium abundanc
duce the excess 30Kr from electron capture
Although neutron capture on 85Rb is not
ble for the excess 86Kr in meteorites, Merrih
has reported an excess of 86Kr in neutron-ir:
samples of Abee and Bruderheim chondrules
grated flux of 5.59 X 1018 n/cm?2 [9] on th
drules, IBC-21, produced 2.0 = 0.5 X 10°12,
excess SOKr per gram and an integrated flux
1019 n/cm? [9] on Abee resulted in 20 + 3
cm3 STP excess 86Kr per gram.
Neutron-induced fission of 235U may be
ble for part of this excess 86Kr produced in
diation. The uranium content of the Brudert
chondrules IBC-21 has been calculated to be
from the amount of fissiogenic xenon produ
the irradiation [19]. The spectrum for heavy
isotopes in the irradiated Abee sample has n
published. Other investigators report the ura
Abee as 17 ppb [3], 12 ppb [3] and 11 ppb
Using an average of these uranium values for
gether with a fission cross section of 580 bar
2.02% yield at mass 86 [21], it can be show:
induced fission of 235U would produce only
1012 ¢m3 STP 86K per gram of Abee and |
10-12 ¢m3 STP 86K: per gram of chondrule:
The amount of 86Kr produced in these ir
samples from electron-capture of 86Rb can 1
lated from the rubidium contents. Gast [22]
3.45 and 3.41 ppm rubidium in Abee. The n
content of the Bruderheim chondrules has n«
reported, but Shields [23] reports 2.79 ppm
in a whole sample of Bruderheim. Usi.n%a ne
capture cross section of 0.76 barns for SRb
5 X 1073 for the electron-capture branching
86Rl::, it can be shown that the above rubidn



NOBLE GAS ANOMALIES IN CANYON DIABLO GRANITE 99

dances would produce only 2.8 X 10-13 ¢cm3 STP
86K per gram of Abee and 1.1 X 10713 cm3 STP
86K r per gram of IBC-21. Thus, aside from the pro-
duction of 86Kr from 235U and 85Rb, the irradiation
of Abee and Bruderheim chondrules produced an ex-
cess of 86Kr amounting to 19 3 X 10712 ¢cm3 STP/g
and 1.1 0.5 X 10-12 cm3 STP/g, respectively.

The larger excess 86Kr in Abee is probably due to
the greater flux on Abee and to a greater abundance
of the target nuclei which produce 86K r during the ir-
radiation. If the difference in flux on the two samples
is eliminated, then the Bruderheim sample is found to
be depleted in the target nuclei by a factor of 8.4 £ 4
relative to Abee. By comparison Larimer and Anders
[24] report Ag, Ga, Ge, I and Te in ordinary chon-
drites to be depleted relative to type I enstatite chon-
drites by factors of 7.8, 4.2, 5.6, 6.8 and 5.4, respec-
tively. This suggests that the element responsible for
the excess SOKr in the irradiated samples may follow
the chemistry of the elements intermediate between
metals and nonmetals in the right-hand side of the pe-
riodic table. Since the irradiation did not produce xe-
non in excess of the amounts expected from fission of
235y, symmetrical neutron-induced fission of lighter
elements seems to be the only mechanism which could
produce the 86Kr anomaly.

The krypton spectra have been reported for only
three irradiated meteorite samples [18], Abee, Bru-
derheim and Bruderheim chondrules. Each shows an
excess of 86Kr above that produced from 235y or
85Rb. The whole sample of irradiated Bruderheim
contained about the same excess 8OKr as the irradi-
ated Bruderheim chondrules, but the statistical error
on 86Kr in the whole sample is larger than the excess
86Kr. From the data available it is not possible to de-
termine if this excess SOKr is accompanied by excess
84K and 83Kr, as would be expected from fission.
The neutron irradiation of a meteorite sample pro-
duces all the krypton isotopes except 78Kr, which
Merrihue [19] does not report. In the above calcula-
tions we have used the excess S€Kr values reported by
Merrihue, who normalized the krygton spectrum to
84K r. Since fission contributes to 3I(r, 4Kr and

K, this normalization gives a lower limit of the ex-
cess 86K

The excess 86Kr in the unirradiated meteorites is
apparently not due to fission of extinct 244Pu, since
Hohenberg, Munk and Reynolds [25] note that the

excess 86Kr in Pasamonte is so large that ‘our lower
limit for fission krypton exceeds that estimated from
244py by a factor of 12’. Thus an unexplained excess
of 86Kr has been reported in seven unirradiated mete-
orites [1, 15-17, 25] and produced in all reports of
krypton analyses from pile-irradiated meteorites. It
therefore seems likely that neutron-induced reactions
are responsible for the excess 86Kr observed in Cany-
on Diablo graphite and six other meteorites.
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