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Introduction

On October 26, 1889, Prank Wigglesworth Clarke (1889)
read a paper before the Philosophical Socliety of Washlington in

which he outlined a research program that covers the contents

of this paper. Clarke's paper was the first of numerous following

ones written by many different authors, and entitled, "The relative

abundance of the chemical elements”. It contailned the following

gentence: "An attempt was made in the course of this iavestigation

to represent the relative abundances of the elements by a curve,
teking thelr atomic weight for one set of cordinates. 1t was
hoped that some sort of perilodicity wight be evident but no such
regularity appeared.”

During the following fifty years Clarke and hils
co-worker, H. 3. ¥Washington, continued this line of research
at the U. S. Geologircal Survey. Thelr classical work is still
censidered to be one of the most valuable sources of geochemical
knmowledge. Since that time many scientists have attempted to
find explanations for the abundance distribution of the elements
or 8t least to find empirical rules which govern thelr main
features. Humerous suggestions have been made in that direction
mest of which were too speculative to have influenced further

developments effectively. However, one observation based on the

work of Clarke and ¥Washington proved toc be of fundamental importance

in many flelds of sgcience. It was that expressed by Harkin's rule
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which states that the elements with even atomic numbers are more
abundant in nature than those with odd ones.

Clarke and Washington have based thelr work primarily
on the composition of the earth’'s crust. As time passed
it became wmore and more evident that meteorites were better
obJects for the study of the average abundance of the chemical
elements in nature than terrestrial rocks. These studies culminated
in Goldschmidt's (1937) classical paper which served as the
basls of practically all the more recent work in this field.

When in 1889 Clarke was looking for periodicities
in the relative abundance of the elements, he expected to find
some connection with the perlodic table. With an increasing
knowledge of the abundances of the elements, the discovery of
isotopes, and the determinations cof the isotopic composition of the
elements izjwas possible more than 40 years later to detect
certain types of periodicities and it became obvious that these
periods followed different laws than those of the atomic structure
and had nothing to do with the periodic table. It seemed, that
the abundances of the elements and thelr isotopes reflecved
nuclear properties and that the matter surrounding us bore signs
of representing the ash of a cosmic nuclear fire in whiech it was
created.

In 1948 one of us {H.E.S.) attempted to prove this conclusively.
He showed that there was an empirical and quantitative correlation
of the isotoplc composition of an element with 1ts cosmic

abundance which could not be explained in any other way than by
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assuming some kind of a correlation of nuclear properties with
the distribution of the nuclear abundances. In the meantine
conslderable progress has been made both in the field of geochemistry
and cosmochemistry as well as in our knowledge of nuclear structure
so that a revision and extension of his earlier work is indicated.
The proper key for an understanding of the empirical
and semiempirical features in the abundance distribution of the
nuclear species in the universe would be a compiete theory of the
formation cf the elements. Such theories have been formulated by
varlious authors. Attempts were made to find an appropriate cosmo-
gonic model which would lead in a reasonable way to an understanding
of the formatlon of the nuclear species in ratios of their sbundances
in nature. These attempts have been successful insofar as they
made it possible to understand in a qualltative way the existence
of the heavier nuclei and thelr relative amounts. None of these
theories, however, can account for the details in the abundance
distribution and for the more gquantitative features in the over-
all pieture of nuclear abundances.
Independent of any theory of the origin of the universe,
one may try to find indicatlons for the nature of the last nuclear
reaction that took place Jjust before the present abundance dis-
tribution was finally established. G@Going backwards in Time one
may then try to find out how the conditions had developed under
which these reactions took place. As the last and final step,
a cosmogonic model may then be found feor an explanation of the

course of events. No attempt will be made to do this. However,




attention will be drawn to any evldence which might serve as a
baslis for future work along these lines and some tentative
suggestions which may be helpful for further work will be

included.
Rules for the Relative Abundance of Nuclides

All species of stable nuclel occur in nature. Thelr
relative abundance, however, shows a variation by a factor of the
order of 1017, Harkins (1917) was the first to attempt a systematic
clasgification of the stable nuclear species or nucllides
based upon our knowledge of atomlc number as a proper
designation of an element and of the isotcpes as the ultimate
constituents of these elements, and Harkins' rules represent
important regularities in the abundances of the nuclldes.
Mattauch introduced additional rules. Such rules are now 1in
general understood in terms of binding energies, in particular
from the point of view of the nuclear shell model as discovered
and developed by Mayer (1943, 1949) and by Haxel, Jensen and
Suess (1949).

In a previous paper {Suess, 1947) certain rules regarding
the sbundances of the stable nuclides were presented as follows:
(1) 0dd mass number nuclides: The abundances of odd mass numbered
nuclear species with AD~50 change steadily with the mass number.
When 1sobars occur, the sum of the abundances of the isobars must be
used instead of the individual abundances.

(2) Even mass number nuclides: (a) In the region of the heavier




elements with A> 90, the sums of the abundances of the isobars

with even mass number change steadily with mass number. (b) In

the regions with A{ 90, the abundances of the nuclear species with
equal numbers of excess neutrons change steadlly with the mass
number.

(3) In the region of the lighter clements with A< 70, the isobar
with the higher excess of neutrons is the less abundant one at

each mass number. In the region of the heavier elements with A 70,
the isobar with smallest excess of neutrons is the least

abundant one.

{4) Exceptions to these rules occur at mass numbers where the
numbers of protens—¥—of neutrons have certain values, the so-g¢alled
magle numbers.

From the emplrical side, the subject owes most to the
careful and extensive work of QGoldschwidt and his coworkers.
Goldschmidtlfs classical work of 1937 is still a most valuable
source of information and those who have studied the subject
since iean heavily on hils judgement in regard to relative
abundances of the =zlements. A posthumus book (1954) makes this
work move availabls. JYda and Walter Noddaeck (1930, 1931, 1934)
contributed additional date which 1is eritlically evaluated by
Coldschmldt. In using meteoritlc abundances there is always the
problem of a proper average of the elements as they occur in the
stones and irons and in the sllicate phases, the trolllte phase

{FeS) and the metal phase. Goldschmidt weighted these phases in
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the proportions 10:1:2. The Noddack®s (1934) and Urey (1952a)

used the chondritic stone meteorites as a proper average since
these obJjects are so obviously a heterogeneous mixture of

materials from many sources and hence may be a proper mixture in
themselves. Brown (1949) used a much higher proportion of iron and
his abundances deviate from the others generally in the sense of
higher siderophile elements. Urey and Craig (1953) found two
prominent groups of chondritic meteorites which are in fact two

of Priorfs groups (1916, 1920) derived by other criteria. Wiik
(1955) has analysed a nuamber of meteorites using the most moderm
methods of analysis and has confirmed the exlstence of these two
groups. These two groups differ in the proportions of the metal and

silicate phases.

Though we shall use these observational atomic abundances,

we must recognize that there are no completely reliable samples



of cosmic matter avallable to us. It is obvious that the surface
rocks of the earth do not constitute such a sample regardless of
any method of averaging analyses of the many different varieties.
The chondritic meteorites are evidently physical mixtures of
constituents which have been markedly fractionated in previous
melting processes and which may have been fractionated through
other processes such as volatilization as well. We have found no
evlidence indicating the loss of elements from the earth or meteorites
except in the case of elements which form compounds which are
volatile at ordinary terrestrial temperatures. (See Urey 1954Db)
The achondrites and irons are samples of material which have been
melted and separated from each other. We have no way of knowing
whether these constituents which were once separated from each
other have been put back together againrn in their proper cosmic
proportions in chondrites or in any average of these with the
achondrites and irons, In fact we have no sample of cosmic matter
which is entirely rellable and probably will never have such a
sample. Hence we must conslder all atomic abundances derived from
the analyses of meteorites as possibly not those characteristic of
the primitive cosmic matter of the sun regardless of the precision
of the analytical work.

~~ — That marked regularities in the cosmlic abundances of

elements exist has been evident for many years. The rare earths

have very similar chemical properties so that separation of these

elements approached in difficulty the separation of isotopes and




Just in the case of these elements we find a marked regularity

of abundances. These show a regular alternation of abundances
between even and odd elements and the successive odd or even
elements change in abundances in a gradual and regular manner.

It was recognized by one of us (H. E. 8.) that this meant that

the abundances of l1sotopes should simlilarly represent a definite
regularity and that elementary abundances should be such that

all nuclides should vAry in some regular way. Accordingly it is
assumed in thls paper that the relative abundances of all isotoplc
specles are meaningful and not the result of "chance" variations.
This assumptlion is shown to be valid in nearly all cases and of
course, we believe, that it is true in all cases even though quite
frankly we do not always see that this 1s the case. Ve

do not pretend to fully understand the regularities and lrreguiarities
which we present. It might well be that the abundances of the nuclides
of odd mass for example follow a rough curve with the individual
nuclides falling above or below thls curve in an irregular way.

For the most part we beliesve that this 18 not the case but that
surprisingly closely the isotopes of the elements determine the
slope of the curves uniquely and especially that of the odd mass
curve, Also the curves for the logarithms of the abundances of the
even and odd mass elements respectively follow curves which are
digplaced over most of the mass range by nearly a constant amount
relative to each other when properly interpreted.

The followlng is a discussion of the elements with respect




to theilr abundance values and of adopted values of these abundances
consistent with the above rules. The discussion is based
essentially on Goldschmidt!s empirical values together with

new data which haw appeared in the literature since then.

In general Urey!s recent abundance table, which uses analyses

of the chondrites in preference to other averages, 1s used rather
than other tables. Urey only showed that the chondrites did give
a reasonable table of abundances. It is the obJject of this

paper to estimate on the basis of observed regularities what

the cosmice abundances arc.

Empirical data on abundances

It would be expected that the sun?s atmosphere contains
all the elements in their primitive relative concentrations
except insofar as nuclear reactions have altered these
abundances. This has occurred in the case of H and He due to
the slow conversion of hydrogen into helium and in the cases cof
deuterium and lithium which at the temperature of the sun's
interior will be converted into helium. Deuterium has never been
observed in the sun's atmosphere. Claas (1951) gives an upper
limit for the H/D ratio in the sun of 6 x 107. Greensteln and
Richardson (1951) find that the abundance of lithium in the sun
is very low but not zero. It is difficulit to secure precilise and
reliable values for the abundances of all elements in the sun

because of the very involved dependence of the intenslties of
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spectral lines on the temperatures in various levels of the sun's
atmosphere. The abundances of the elements in many of the
stars are very simllar to these values for the sun though
important differences occur. Also the abundances in planetary
nebulae are very similar to stellar values. Though for the
most part we are really discussing solar quantities, 1t will
be assumed that all sources are sufficiently similar so that
numerical values can be compared.

The proportions of the elements in the earthts crust
have cbviously been modified in several ways. During the proccess
of formation the earth lost most of the most volatile eleuments,
hydrogen, the inert gases, carbon as CHh, nitrogen as NHz or Na,
oxygen as HQO, and possibly some proportions of other elements
though such loss is not evident (Urey, 1954 b). There has been
a marked differentiation of the surface regions by partisl
melting and crystallization processes and a loas of the
siderophile and chalcophlle elements to the deep interior.
Erosion by water has further differentiated the surface reglons.
It is exceedlngly difficult to estimate in any reliable way
what the mean composition of the surface region of the earth
ig, yet there are scme data of use to the present study.

It 1s generally assumed that meteoritic matter, since the
time it formed from solar materlal, has undergone less chemical
fractionation than any terrestrial material found on the surface of

the earth. The type of fractionation that 1s recognizable in
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meteorites may be separated into three main phases: the metal
phase, the sulfide phase, and the silicate phaseg. Accordingly,
Goldschmidt divided all chemical elements into three groups: the
siderophile, the chalecophile, and the lithophile elements, depending
upon the meteoritic phase in which the elements were found to be
enriched. Thilis classification, however, is not always a definite
one, as many elements are distributed among two of the three

phases in varying proportions. In this classification Goldschmidt
assumed that the elements were distributed in thease three

phases in equilibrium proporticns. If equilibrium was established
the proportions of the elements should be constant in all samples

of these phases and this 1s certainly not true. Craig (1953)

has presented reasons for believing that at high temperatures

the sulfide phase would dissolve completely in the silicate and

iron phases 1f they were completely melted. In this case the
elements would become distributed between these two phases.

Because of differences in densities they would separate even in weak
gravitational fields. Subsequent cooling would result in separation
of the sulfide phase from each of these and equillibrium might no
longer be established between the sulfide phases in the silicate

and the metallic fractions. Separation of nodules of iron

sulfide from the iron phase would occur as the temperature fell and
these would collect elements dissolved in the iron phase in

quantities quite different from those collected in the iron

sulfide which separated from the silicate phases. Mostly analysts
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have studied the iron sulfide from iron meteorites and assumed
that the concentrations of elements in the iron sulfide enclosed
in the silicates were the same. There is no reason to belleve
that this assumption is Jjustified. 1In fact the amounts of the
elements in these trollite nodules in the iron meteorites can
probably bes neglected in any average because they constitute
such a very small fraction of the iron meteorites and hence

of all meteoritic matter.

Another difficulty in computing the "average" composition
of the meteorites arlises from our ignorance of the relative
amounts of the three meteoritic wmain phases. The meteorites
reaching the earth's surface cannot serve as a basls for an
estlmate of these relative amounts because iron meteorites are
better preserved during their fall and on the surface of the
earth than are stony meteorites and pallasites. The assumptions
made by different invesigators are summarized in Table 1.

TABLE I
Assumptions made on the average composition of meteoritic matter

by various authors

Parts by Weight

Author Metal Sulfide Silicate
Noddack and Noddack (1930) 68 9.8 100
Noddack and Noddack (1934) 14.6 6.7 100
Fersman (1934) 20 *y 100
Goldschmidt (1937) 20 10 100
H. Brown (1949) 67 0 100

Urey (1952 a) 10.6 7 100
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The values given by Harrison Brown and by Noddack and
Noddack (1930} are obtained from the ratio of the weights of
core to mantle of the earth assuming that the average composition
of the earth represents the average of solar nonvolatile matter.
A new value secured by Rabe (1950) for the mass of Mercury leads
to a density for Mercury of about 5 and this indicates that it
contains a higher proﬁortion of metallic iron than the earth.
Urey (1951, 1952 ¢) shows that the planets generally vary in
density and estimates the proportions of metallic phase. He
concludes that some fractionation must, therefore, have occurred
during the formation of terrestrial planets, separating metal
from silicate in such a way that the silicate was lost preferentlally.
Hence, the ratio of core to mantle of the earth cannot serve
as a baslis for an estimate of the respective cosmic ratios.
Urey., from his considerations of the thermodynamics involved
in the chemical processes leading to the forwation of the ter-
restrial planets, has concluded that the moon and also the chondrites
would best represent the average composition of the nonvolatile
part of solar matter. His value £or the iron fraction 1is even
sma] er than that of Goldschmidt.

His
assumption of the lower value for iron has been confirmed by a new
measurement of the f-value of 1ron obtained by & new and precise
method by Kopfermann and Wessel (1951), whose new value is about

one third of that previously accepted. Urey derived hls values for
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the proportion of the three phases from the composition of the
chondrites as given by Prior {(1933). The new silicate metal ratio
of meteorites make a revision of &ll the abundance values necessary.
The eupirical data are given in Table 2.

Recently on the basls of arguments regarding the heat
balances of the earth, the moon and Mars, Urey (1955) has
suggested that the elements potassium, uranium and thorium have
been concentrated in the chondritic meteorites over solar values
by a factor of about 3.2. If these elements have been concentrated
in the chondrites by the melting processes whiceh obviously have
occurred, then other elements must have been concentrated in some
degree and 8till others must have been decyeased in concentration.
In this paper abundances of elements have been modified from the
meteoritic analytical data in accordance with these ldsas. In
fact zbundance curves zeem to be more regular as a result of such

procadures,

Our decislon to use sguch data was strongly
Iinfluenced by advice from Professors Goldberg and Aller in
eonnection with theliyr studles on solar and other stellar abundances.
The applicatlion of these arguments to individual elements will be
discusged under each element and the method will be discussed
when the potassium abundance iz c¢onsidered in detail.

Limits of error
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Goldberg and Brown (1950) have shown that phenium is about
130 times more abundant and that lead 1s at least 50 times less
abundant than was previously assumed. This has created some doubt
" as to the validity of the data published for the cosmic abundances
of the minor constituents of the less abundant elements. Previous
to Brown's investigation the values for rhenium and lead were
based entirely on the work of I. and W. Noddack. A comparison of
their work with that of others shows that, in general, data complled
by these authors should not be accepted uncritically. In many
cases no other data are available and Goldschmidt has used their
values considering, however, possible sources of error in their
determinations.

As will be evident from the detalled discussion under
individual elements, there are serious smources of error in all
data avallable. The data published in the last twenty years
and particularly since the war seem to be generally much more
reliable than that published previcusly. Even certain data of
such a reliable investigator as V. M. (oldschmidt have been
shown to be seriously in error, as for exemple in the case of
lead. Generally, the amounts reported for the rarer elements,
particularly in the range of a few parts per million, have decreased
with time. Hence 1n our cholce of data we have tended to select
lower values rather than higher ones. In some cases we have selected
values definitely outside the reported analytical values. It is

our expectation that many reported analytical datz are in error
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by more than a factor of 10, e.g. Sn, Ag and W. Only further
careful analytical work can decide whether our rather arbitrary
cholces 1in some cases are Justified. We can say categorically
that if some of these choices are incorrect, then our fundamental
assumption of conslderable smoothness in the abundance curves as

a function of mass number is incorrect also.

Discussion of elemental abundances

All atomic abundances are given relative to Si equal to
106. Goldachmidt used silicon ecual to 100 and Brown changed
this to 10000. We use 106 in order to get values for the
rarer elements which can be written without negative exponentials,
or awkward decimal fractions. Plots of logarithms of the
abundances, H, against mass numbers, A, are given in Figure 1
and our selected values are given in Table 3.

The cosmic abundance ratio of hydrogen to helium has been
studied by astronomers for many years. Unsdld in his claassical
study on the atwosphere of Y Scorpii found this ratlo to be
7.2 and others following his method of calculation have reported
similar values. {S8See Aller (1953) for a review of this data.]

He assumed one value for the temperature and one value for the
electron pressure throughout the atmosphere of the star. Recently
Underhill (1951) has used z model atmosphere with varying temperature

and pressure for the 0 9.5 astar 10 Lacertae and secured a larger

value of 20 to 25 for this ratio. Neven and de Jager {1954)
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have constructed model atmospheres for four B-type stars, Y Sco,

S Cet, « Peg and UHer from their hydrogen spectra and give

an average value of 17.7 for this ratio with little variation
between their values for these stars. Aller (1953) reports

that his most recent studles give a similar value. Traving (1955)
has made a model atmosphere calculation for this ratio in 7 Scorpii
and finds 5.9 for this ratio. We adopt 13 for the ratio of
hydrogen to helium though it may well be that the true ratio
deviates from this value appreclably.

For the ratio of hydrogen to the metals we take the
geometric mesn of Uns¥dldfs (1948) and Claas® (1951) values
normalized to magnesium equal to 6.15. We find better agreement
between the astronomical values when normalized to our magnesium
value than when normalized to silicon equal to 6.00. The
astronomical values for silicon seem to be too low as couwpared to
Na, Mg, Al, Ca and Fe. This gives 10.56 for log Hy as compared to
10.54 (Unsdld) and 10.58 (Claas) for this quantity. The abundance
of deuterium relative to protium in meteorites has beern found to
be about the same as on earth by Boato (1954) and Edwards (1955a).
Deuterium is much less abundant in the sun than on the earth. We
shall use T0CO as the H/D ratioc which is slightly larger than the
terrestrial ratio of 6500. The isotopic abundance of He’ 1in
primitive solar matter is unknown.

Lithium, Beryllium and Boron

The abundance of these three elements seems to be about a
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million times smaller than that of the group of the next heavier
elements in the cosmos, carbon, oxygen, and nitrogen. According
to Greenstein and Richardson (1951), Li in the sun seems to be
even less abundant by another factor of 100. The low abundance of
these three elements can easily be understood as a consequence
of their instablility at high stellar temperatures and their
poesible thermonuclear reactions with protons. Sueh reactions
may have occurred toward the end of the processes by which the
elements were made.

The analyses of 1gneous rocks and of meteorites for these
elements are summarized by Goldschmidt (1937). He gives for
the atomic ratios of Li and Be in the lithosphere and 1n silicate
meteorites relative to Si1 equal to 106:

13 Be
Lithosphere 900 67
Silicate meteorites 100 20

Both are concentrated to some extent by the fusion processes that
have concentrated elements in the earth's crust. For this

reason smaller values than those of the meteorites, Just as in the
case of K, U, and Th, might be used in our estimate of cosmie
abundances. However, because of the uncertainty of analyses, no
corrections have been made. Goldechmidt estimates the atomle
abundance of boron as 28. Its abundance in the earth's surface

i1s complicated by 1ts apprecisble concentrations in the sedimenis

and ocean waters.




\

19

Carbon, Nitrogen, Oxygen, and Neon

Our knowledge of the abundance of these elements 1s
based entirely on spectroanalytical astronomic observations
mostly in other stars than the sun, and in planetary nebulae,
since very high temperatures or high frequency light is re-
quired to exclte them to higher energy levels of the neutral
atoms or to lonize them. Bowen (1948) has studied one line
of oxygen in the sun and secured a somewhat higher abundance
relative to the best estimates for carbon and nitrogen, namely
T x 1020 atoms cm'a as compared with 0.3 and 1.0 x 1020 atoms cm'2
for carbon and nitrogen, respectively. Minnaert {1953) summarizes
the work of Uns3ld (1948), Claas (1951) and Hunnaerts (1950) on
the sun and Aller (1953) gives a summary of all stellar data.
We will select the Unsdld data for C and N in the sun and the geo-
metric average of the Unstld and Claas data for O in the sun,
all normalized to log HHg equal to 6.15. Very good agreement
between their data for Na, Mg, Al, Ca and Pe and our selected
values for the elements 1s secured in this way.

Aller concludes that oxygen and neon have nearly the

same abundance in the stars and planetary nebulae. Traving (1955)
estimates the neon abundance as 1/2.5 that of oxygen. If oxygen

and neon have nearly equal abundances, the logarithm oif the abundances

of Ne2°, Ne®2, MB" , and Mg26 r£all on nearly a straight line. If

neon is considerably less abundant than oxygen, it could be

ascribed to a fall in abundances after the neutron number 8 of 016
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as occurs at other points in the abundance-mass number curves.
We are disposed to suggest that neon 1s considerably less
abundant than oxygen, and have taken its abundance as 0.4 that
of oxygen. A maximum in abundance at N15 with 8 neutrons is
indicated with a miniumum in the curve at F!9. Since the
abundance of fluorine is not well known, this minimum might be
at 017 instead.
Fluorine

The astronomical values for fluorine have always been very
uncertain, and we must depend on terrestrial and meteoritic
values. The only value for fluorine in meteorites, namely 30 ppm,
is that of Walter and Ida Noddack (1934). A recent detailed study
by Koritnig (1951) on the terrestrial distribution reports 100 ppm
in pyroxenes and peridotites and increasing amounts in the more
acldlc rocks with an average in the lithosphere of 702 ppm. This
is not an extreme degree of differentiation as compared to some
other elements. We shall estimate the abundance of fluorine as
200 ppm relative to silicon as 0.185 by weight in primitive solar
nonvolatile material and thus take the atomic abundance as 1600.

Elements from sodium to iron

The analyses for the elements from sodium to iron both for
the earth's surface and for meteorites are numerous and appear
generally to be well done. GQGoldschmidt (1937) reviewed the older
analyses as did Brown and Patterson (1947) but the most recent

and extenslve review of the older analyses have been made by Urey
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and Créig (1953). The latter authors selected 94 superior analyses
of chondrites from 350 analyses and gave specific reasons for their
selection. The abundances s0 secursd did not differ markedly
from the table of Qoldschmidt. They showed that two rather well
defined groups of chondrites exlisted having different quantities
of total iron so that the iron silicon ratios in the two groups
averaged 6084 and 8494 to 10000 for silicon. They found that the
amounts of cobalt and nickel for the two groups differed even
nore than those of iron. They argued that the lower iron abundance
was more probably correct on the grounds that the fractionation
of the silicate and iron phases, which has occurred among the
planets generally (Urey 1951), probably took place through the
loss of the silicate phase rather than the metallic phase, which
was the view expressed by Urey previously. Thie leads to a low
abundance of fron which 1s very much in accord with the most
recent astronomical data. We shall take the azbundances of iron,
cobalt and nickel from Urey and Craig's low iron group of chondrites
for this work.

The analytical values for potassium given in the older
analyses are certainly too high. This was shown by Ahrens,
Pinson and Kearns {1952) who secured 0.09% as the correct
analytical value for potassium in chondritic meteorites. Edwards
and Urey (1955) by further improvement of analytical procedures
showed that the chondrites are remarkably constant in their

potassium and sodium contents. We take the abundance of K as
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220 ppm relative to silicon equal to 18.5 percent by weight in
primitive nonvolatlle solar material. This 18 one fourth of 1its
reported abundance. We use this soumewhat larger factor because
Urey's (1955) calculations indicate that his choice of radio-
active elements 1s somewhat too high for reasons which he
discusses. Also, the somewhat lower abundance glves a somewhat
smoother abundance curve. This gives 854 for its atomic abundance.
The use of this abundance leads to the similarity in shape of the
even and odd mass curves in the minimum region between oxygen

and iron.

As explained above, the choice of this lower value for
potasslium requires that other abundances by adjusted 1f we are to
be consistent. It seems likely that the melting processes which
produced the silicate minerals produced the fractlonation of
potassium, uranium and thorium, and in this case the abundances of
all elements which are markedly concenirated by such processes
must be appropriately adjusted as well. In order to Judge the
direction and amount of such adjustments we have studied the
relative abundances of the elements in the earthfs crust and in
the weteorites. Potassium makes up 2.6 percent of the earthis
surface rocks and only 0.09 percent of the meteorites. Also,
analyses of ultramafic rocks show that potassium is very low in
these rocks. Ross, Foster and Myers (1954) analysed olivine bombs
from basaltle lava flows and found low values for sodium and

potassium and Edwards (1955b) using an improved method of analysis
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has found 0.018 and 0.22 percent for potassium and sodium respectively
in such material. Sodium, aluminum and calcium have been concentrated
at the earth's surface though less markedly than potassium, and
magnesium is depleted in concentration at the earth's surface.
Thus, we must expect that the analytical amounts of sodium,
aluminum and caleium in meteorites are also too high and that
magnesium is too low, though by smaller factors than is true of
potassium. Also titanlum may be somewhat too high and chromium too
low. Our selected values for the abundances of the elements are
based on the weteoritic abundances adjusted somewhat in accord
wlth these arguments.

Some ratios of concentrations in the earth's ecrust and

meteorites are given in Table 4.

TABLE 4
Element Ratio D
Na 2083/097 = q’ "Onl
Mg 201/16 = 1/7-6 *'00183
Al 8.13/1.42 = 5.7 ~0.12
P r~l 0.00
S ?
Ccl ?
K 2»6/0-09 = 29 ‘09607
Ca 3.63/1.73 = 2.1 0.00
Sc ~] +0 . 38%
T1 0. 44/0.076 = 5.8 -0 .33%
v ~1 0.00
Cr ~ 100/3300 =1/8.2 +0.28
. Mn ~1 0.00
¥ The unusual cholice of these values is discussed in
the text.

Column two gives the ratio of the terrestrial to meteoritic
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abundances, R, and column three gives the amounts by which the
logarithms of abundances have been adjusted, A. These adjustments
are not always entirely consistent. Explanations for this are gilven
later in this paper.

Magnesivm is a particularly interesting element in this
connection. It 1s a popular idea that the mantle of the earth
is mostly dunite which consists mainly of magnesium and ferrous

orthosillicates, MgQSiou and Fe 3104' With an atomic abundance

2
of magnesium only 0.9 that of silicon, as indicated by the analyses
of the chondritic meteorites and the addition of some f{errous

iron, the metasilicates of magnesium and ferrcus iron should

make up the earth's mantle. Our changed abundance of magnesium
would permit the formation of much orthosilicate 1f the mantle
consiats of such material. Hess (1955), on the basis of the
probable compcsltion of the earthts mantle, suggests a ratlo of
magnesium to silicon of 4/3. Ve have used 1.4 for this ratio,

which is about 1.5 times the observed ratio in meteorites.

Phosphorus, sulfur and chlorine

The analyses for phosphorus seem to be consistent and
satisfactory. Phosphorus 1s not wmarkedly concentrated in
the earth's surface. We use the meteoritic value.

The siiicon-sulfur ratio is an important datum, since
the sulfur existe in a separate phase as iron sulfide and many
elements dissclve 1ln thils phase. Goldschmidt's estimate for

sulfur is much less than the astronomical values though the
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astronomical values depend on data which are very difficult to interpret., Urey
gives a smaller value than Goldschmidt. Such values are probably in error
on the low side since iron sulfide would be reduced by hydrogen at moderate
temperatures, i. e. the melting point of iron and lower, and hence sulfur was
;robably partly lost as hydrogen sulfide during the formation of the meteorites,
Since sulfur exists in the carbon compounds of the carbonaceous chondritic
msteorites, @s shown by Uydller (1952) the element may have escaped in such com~
pounds during the formation of the solar system. We have selected a value
between the astronomical estimates and the meteorite value, A lower sulfur
valne would make it very difficult to select a satisfactory selenium value
compared to other elements near it in the periodic table and at the same time
not deviate unduly from the observed sulfur-selenium ratio.

Chlorine abundances hawve heen extensively studied recently by Behne
(1953) and Salpeter (1952). The former of these studied many terrestrial
igneous and sedimentary rocks and a few meteorites and the latter analysed a
considerable number of meteorites. The two sets of values are in disagreemsnt
generally. Behne secured some 100 ppm in two chondrites and the average of
Salpeter's chondritic values is 840 pom.

Selevanov (1940) reports 100 ppm for one chondrite, Urey (1952a) used the
Noddack's value of 470 ppm. Some of the iron meteorites contain small amounts
of chlorides, Mueller (1952) has shown that the organic compounds of the
carbonaceous chondrites contain appreciable amounts of chlorine suggesting the
possibility of loss of this element through volatile compounds as discussed by

Urey (195ha). We have used the 660 ppm valne a3 a conpromise in view of the

uncertainties of th: situation,
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The heavier rare _gases.

The rare gases with the exception of helium are not observed in the
sun because of its low temperature and their low abundance. Neon and argon
have been observed in O type stars and planetary nebulae. The datza are reviewed
by Unstld (1948) and by Aller (1953). Certainly the probable limits of error
are very large becauss the observed lines are those of the ions and it is difficult
to estimate the conditicons of excitation with sufficient accurasy to secure
the abundances within better than a factor of 10 with certainty.

The ratios of the rare gases in the atmosphere are well known. From
these ratios ons may derive some valuable conclasions indevendent from any
theory on the formation of the atmosphere. In particular, it seems safe to
postulate that the heavier rare gases have been enriched with respect to the
lighter ones on the surface of the earth. This mmans, that the ratio of
krypton to xenon must be equal or larger in solar matter than in the atmosphere.
The same will be true for the ratio of argon to krypton or neon to argon,
exclusive of the Ab'o isotope. This seems to be zn absolutely safe statement
as no chemical or physieal process is known by which the heavier gas would egeape
more readily then the lighter one. Tervestrial helium and ALC must be radiogenie
and hence cannot te included in any argumemt of this kind,

The astronomical values for the abundances of argon and chlorine in planetary
nebulae are much higher than those expected from simple interpolation for argon
and chlorine from the values for neighboring elements in the meteorites. If the
agtronomical values are used for the graphiec presentation & muclezr abundances,
ons cbtains a most remarkable feature, namely a sharp rise in the odd and ewven
mass abundances curves at masses 35 and 36 f2llomed by 2 precipitant fall to lower

abundances through masses 0137,, K39, K}“]', ¢al3 in one surve and through A?B,
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Caho, Cahz in the other curve. There seems to be no physical reason to expect
such a behavior of these curves. Also it is difficult to understand such a very
large loss of chlorine from the earth and meteorites on the basis of its chemical
properties (Urey, 1952b)., We conclude that this interpretation is incorrect

"and interpolate 435 and AYC emoothly between sulfur and calcium snd use the

. c¢hlorine value discussed above. This choice indicates our feeling of uncertainty
in regard to astronomical values for other elements such as C, N, 0, F, Ne, and
S: The krypton - xenon ratio adopted is the atmospheric ratic of 12.5 in
agreement with the postulate made above. The xenon value determines the
uncertain tellurium abundance,

Caleium, scandium and titanium,

Calcium has boen determined in the meteorites with high preecision and is
only moderately concentrated in the surface rocks of the earth. We use the
Urey and Craig value of 53,600, The concentrations of scandium in the meteorites
ag determined by Pinson, Ahrens and Franck of 6 ppm is essentially the value
given by Goldschmidt. This element is more concentrated in the more basic
rocks, (See Rankame and Sahama (1950) p. 516 for a summary of the data.)
Russell has called cur attention to the fact that the lines of scandium are
mich more intense in the sun's spsctrum than are those of gallium, in spite of
the greater intrinsic intensity of the gallium lines, It is difficult to
secure any marked difference in scadium and gallium abundances unless scadium
has a higher abundance than that indicated by the analytical data on meteorites.
We assume that scandium is devleted in the meteorites and take its sbundance as
L8 instead of 20 as the meteoritic data indicates.

Titanium has been determined with excellent precision for many years.

Urey and Craigis average is 0,066%, Wiik (1955) has made very recent and care-

fully controllind analyses on a number of mostly carbonaeceous chondrites and @nclundes that
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the amount is very constant near 0.075%. The element is eoncentrated in the

surface regions of the earth, and hence we have used a lower value for the

solar abundance, namely 1020, instead of the Urey and Craig value of 2200

or the Wiik value of 2500, This lower titanium sbundance is used after many attempts
" 4o adjust the zirdontun and hafnim values to thetr neighboring elements and

: yet to maintain the observed ratios of these elements to each other and to

titanium. The lower value of titanium seems to be the most plausible adjustment
that we have been able ¢0 make. It may well be that some other choice will be

more correct as betier analyses become availabie.

Vanadium, chromium and manganese.

Analyses for these three elements seer to be good and hence the choice
of sbundances 1s not a problem. Chromium is depleted in the earth?!s surface
regions by a factor of about 8.2 relative to the meteorites. Hence we use a
slightly higher value for chromium than the meteoritic value, namely, 1.817
x 10% dnstead of 1,15 x 10%. We use the meteoritic values for vanadium and
manganess .

Important ratios of elemental abundances.

The titanium-zirconium-hafnium ratios appear to be well established, The
evidence indicates that the ratios are nearly the same in meteorites and
terrestrial sources. Goldschmidt gave sbout 20 for the Ti / Zr ratio and
about S0 for the Zr / Hf ratio by weight in both sources. Pinson, Ahrens
and Franck (1953) find 33 ppm for Zr in chondritesl&xd Wilk (1955) finds 0.075%
for Ti, 1. ec & ratio of 22.7. We shall uge this value and take the atomic
Zr abundances as 1/43 of our titanium abundance.

The Zr / Hf ratio depends on the extensive investigation of Hevasy and
Virstlin (1928, 1934) on the sbundance of hafnium in zirconium from many

sources. Their values for Zr in the Puliusk and Wacondza msteorites differ
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markedly from those of Pinson, Ahrens;, and Franck (1953). There is some
considerable probable errar in the data, Through the kindness of Dr. So Go
English, we have learned of many recent analyses of zirconium minerals for
hafnium made by the U. S, Bureau of Mines. The average of sixty eight
analyses 1s 2,37 percent of hafnium relative to zirconium and hafnium, This
is a8 somewhat higher abundance of hafnium than Goldschmidt gave. It is not
.poss:lble to decide whether there is a definite concentration of hafnium
relative to zirconium in the process of formation of these minerals but

a few samples (which were not included in the average) do contain much higher
concentrations of hafnium. We use 55 for this weight ratio and 110 for the
ratio of atomic abundances.

Goldschmidt geve the terrestrial ratio of S / Se as 6000 and the meteoritic ratic
as 3300 by weight. Since then Byers (1938) has analysed a number of meteorites
including several chondrites. Two of these latter were Allegan and Tabory,
vhich ere observed falls while the others which he used &re finds. The selenium
was reported as 13 and 10 ppm in these two meteorites and less in other
chondrites. He also determined the sulfur - selenium ratio in troilite from
Canyon Disblo as L21% by weight and thus intermediate between Coldschmidt's
values. If we use Goldschmidt®s ratio amd our sulfur value we secure 42,3
whereas Byer®s datz gives 24,2 for the atomic abundance. Because of the
differences in stabiliities of HZS and ste and ¢f the carbon compounds of the
two eloments, it is not probable that selenium would be lost as readily as sulfur.
We have selected 37.7 as our abundance of selenium. More data on this ratio
are needed, but we conclude that the abundance of Se may be less, but hardly
more, than our value, The data on tellurium are most uncertain and we must

interpolate a value for this element,.

The ratio of chlorine to bromins is probably more reliable than the bromine
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values, This ratic is 300 by weight in sea water. Selivanov(i9ho) (See
Rankama ard Sahama (1950 p. 760) reported values ranging from 100 to nearly
300 for the ratio in terrestrial rocks. Behne (1953) gives values for this
ratio which vary greatly in different igneous rocks. We weight the oceanic
. value very heavily. Behne generally finds lower values for chlorine than wa
have used., Owr ratio of 500 for the atomiec abundances equivalent to 220 for
" the weight ratio is taken as a mean of the data on this ratic. The oceanic
value for iodine is valueless because iodine is used by living organisms and
hence i3 probzbly depleted in the sea as compared to the sediments,

The ratio of potassium to rubidium has been extensively investigated in
recent yesrs. Ahrens, Pinson and Kearns (1952) found a ratio of 100 by weight.
Edwards and Urey (1955) secured a value of 180 on a few samples of meteorites,
Herzog ard Pinson (1955) find that a revision of this ratio %o about 200 seems
likely. %he ratio 1s very camparable to the chlorine-bromine ratio. Using
our potassium abundance this giwes 1.10 ppm. which is lower than the reported
values, If potassium has been increased in concentration in the meteorites, we
can expect the same is true of rubidium since the two elements follow each
other very closely in nature. We use the somewhat higher value of 1,22
ppm or an atomic abundance of 2,18..

However; we believe that there
ig a minimam in the curve in this region on the low mass side of the neutron
ramber 50 just as there is on the low mass side of the region of neutron
mmber 82 and and our curve is similar to that previously given by Suess (1949).

Goldberg, Uchiyama and Brown (1951) have determined the amounts of Ni,

Co, Pd, Au, and Oa in L5 iron meteorites. As stated previously the content

of gallium varies markedly and there is gsome slight correlation with palladium

content. Thelr ratio of nickel to palladium is the most reliable value for this
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}atio, namely 2.24% x 104 by weight. With our nickel value this gives
0.850 for the palladium abundance. Q@oldschmidt gave 2.5 for this value.
Goldschmidt!s assumption of a higher proportion of metallic phase
increased his value. Using 10 per cent of the metallic phase and
neglecting the trolilite phase, his valye becomes 0.9 ppm which 1is
only slightly larger than our selected value. The Ni-Au ratio is
also given by the studies of Goldberg et al and this fixes the
poslition of gold relative to nickel. These two ratios are the most
reliable that we have for fixing the position of our curves over
the high mass range.

The atmospheric ratio of krypton to xenon by atoms is 12.5
and the solar ratio must be this value or higher since krypton may
have escaped more readily than xenon, as explained above. It has been
most interesting that throughout our attempts to secure the adjustment
of abundances consistent with all the evidence, we have never found
it desirable to increase this ratio above the value of 12.5. Our
abundances of krypton and xenon, 25.0 and 2.00 respectively are
congistent with this ratlo.
Copper, Zinc, Gallium, Germanium, Arsenic, Krypton, Strontium, Ytterbium

Within reasonable estimates of the errors in the reported
abundances of elements from Fe to Zr, it 1s possible to secure a
smooth curve for the odd mass elements of this region. The pairs
of isotopes ¢f Cu, Ga, and Br define the slope at three points. The
general position of the curve 18 fixed by the Br and Rb abundances.

The Cu content of meteorites varles within surprisingly large
limits. @Goldschmidt after an extensive discussion of the
best data which vary by factors of more than 10, selected an atomic
abundance of 460. Preliminary unpublished data of Wiik indicate
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greater constancy 1ln the copper data for chondritic meteorites.
Our choice of 228 for the atomic abundance results from a consideration
of his data.

Zinc in meteorites 1s typically chalcophlile and is concentrated
in the sulfide phase. Q@oldschmidtt!s selection of data would requlre
zinc to be less abundant than copper, which would be a surprising
result. Unsdld's value based on three lines in the solar spectrum
1s more than ten times higher than Goldschmidt®s estimate of 360
for the atomic abundance. We use 486 in order to secure smooth
abundance curves in this region. This value is surely within the
errors of the analytical data.

Gallium has been studied in the iron meteorites by Goldberg,
Uchlyama and Brown {1951) who found three groups of iron meteorites
having quite distinctly different contents of gallium, namely, 60, 20
and 2 ppm, respectively. No satisfactory explanation of this variation
has been given. These abundances are puzzling particularly since gallium
1s a rather electropositive element and is concentrated to some extent
in the surface terrestrial rocks. It seems probable that gallium is
present partly in the silicate phases as well. Ve use 14.6 for this
abundance, equivalent/%%7 ppm, which makes scandium 3.3 times as abundant
as gallium, thus meeting to some extent the observations of Russell
regarding the relative abundances of these elements. It would be
difficult to be certain that gallium should not be lower or scandium
higher or both.

The careful studles of Goldschmidt and Peters {1933a) on the
germanium content of meteorites gave a mean of 79 ppm in thelr average
of the silicate, troilite and metallic phases. The germanium

{See insert page 32)




Ingert page 32
was found mostly in the metallic phase. We are assuming considerably

leas iron in our average and less in the metallic phase than did

75

Goldschmidt. In order to place QGe on our smooth odd
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mass curve we must assume about 25 ppm of germanium or an atomic abundance

of 51 instead of Goldschmidt's 188 far this quantity. There is considerable
reason to believe that the germanium, tin and lead values selected by Goldsehmidt
are all too high as will be evident when tin and lead are discussed.

A recent value of Sandell (1955) for arsenic of 2,2 ppm in chondritic
meteorites or an atomic abundance of Lo,0 seems to be very reliable., This is
an average of 1 shondritic meteorites. The Neddackts (193L) values are much
to0 high. Thelr value together with our values for selenium, bromine and
rubidium will not give 2 smooth curve for the odd mass elements. Gem is
more abundant than the neighboring even mass muclides whose masses are
divisible by four. All nuclides from 016 +0 mass 68 whese masses are
divisible by four are either more abundant than their nelghhors or the
inflections of the curve indicate that they are mreferred. It may be that
this irregularity appears in the odd mass curve at As75 o We use an abundance
of 3.2 instead of 4.0 and aveid the irregularity in the curve.

Pinson, Ahrens and Franck (1953) have recently determined strontium in
meteorites bv improved techniques and report an average of 1l ppm. This element
is highly coneentrated at the earth's surface, 100 to 460 ppm having been
reported. {See Rankama and Sahama (1950) p. L53 for a summary of data.)
Strontium is increased in the earth?s crust to 2 smaller degree than barium
and %0 a greater degree than calcium, We lower the observed valuve of strontium
by 2 factor of 1,58 or 0.2 in the logarithm; and barium by 0.58 in order to
correct for the concentration effect. This gives 12,1for the atomic abundance
of stronitivm. Our calcium value is the unchanged meteoritic abundance.

The abundances of yttrium and the rare earths are difficult to estimate.

The concentrations of yttrium in acidic and basic rocks are much the same, and
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also these ars very simllar to its reported concenmtrations in meteorites. Hence,
we use Goldschmidt?s value of 5 ppm in meteorites armd an atomie abundance of 8.9
(See Rankama and Sahama {1950 pp. 510 and 516 for a review of the data).

The curves in this region indicate a slight maximum at bromine and & minimum
befare the magic number nuclides at N equal to 50, The minirmm could be eliminated
if the factors of L for the yubidium data and of 1.58 for the strontium data were
not applied. However, as gtated above, we belleve the minumm is real and similar
to that preceding the magic number miclides at N equsl to B2, We also belleve that
the gallium and selenium values might be lower but not highey and hence that the
slight irregularity of the curve is justified on the basis of present evidence.
Zirconium through tin,

The fundamental nickel-palladium ratlo previocusly discussed fixes the abundance
of palladiume The value so determined fits smoothly with the determination of
Kuroda and Sandell (195)) for molybdemun of a man of 1,54 ppm in the chondrites and
" a corresponding atomic abundance of 2.42. This new analytical value is about half of
. the older value (Noddack & Noddack 1930, 1931). The decreasing abundances of the Zr
isotopes shows that thers is a rapid decrease in abundances after nsutron mumber
50. The even mass muclides of the even atomlc mumber elements Ru, Pd, Cd and Sn ean
be fitted to a smooth curve of abundance versus mass number and at the same time a
reasonably smooth curve for the odd mass nuclides ean be constiructed. The ratios
of ruthenium, rhodium and palladium are not well known. Goldschmidt estimates the
ratios as 10 : 5§ 2 9, We have adopted atomic abundances of 1l.49, 0.2ls, and 0,850,
making our ratios 10 5 1.kl 3+ 5.7, Thess give a smooth curve and we believe our
values are within present 1imits of errcr, though they differ considerably from
Goldsehmidt?s ratios, Far cadmium we use an atomic abundance of 1.35 as compared to the
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Noddack's value of 1.86 for the chondritic meteorites. This makes our zine to
cadmium atomic ratioc equal to about 360 instead of Goldschmidt's estimate of
160, Better amalytical data for this element i3 needed badly.

The meteorite analyses by Goldschmidt and Peters (1933b) and Goldschmidt (1937)
gave 100, 15 and 5 ppm of tin in the metal troilite and silicate phagses. Using
metal : troilite : silicate in the ratio of 10 : 5 : 85 would give about 15 ppm
and an atomic aburdance of 19. The Noddacks (193L) give 50 for the atomic
abundance. Instesd of these we have used an abundance of 2.65, The use of
Goldschmidt's or the Noddaeks? value would give an irregularity in the curve with
vespect to all neighboring elements on the basis of present knowledge. We
eonclude that the analytical data for this element are incorrect by a2 iarge
factor. Tin 1s an element which is extensively used in iahoratory equipment as
solder, block tin stills for distilled water, ete. Dr. ¥. Fleischer advises
us that tin is often revorted too high in silicate materials because of the use
of soldered sieves for separating crushed samples.

Niobium was determined by Rankama in chondritic meteorites as 0.5 ppm
equivalent to an atomiec abundance of 0.8l This value is close to cur adopted
valve of 1,00, Tha silver value adopted here is much lower than indicated
by analytical data., Goldschmidt selected a value of 3,2 for the abundance
on the basis of his own and the Neddacks® data. We find that we must use 02h6,
if silver is to lis on our cdd mass curve, Mr. Joensuu advises us that much
analytical data on small amounts of silver is incorrect because of the case
of excitat<on of iis resonance lines, and beeause of the presence of silver e¢oins
in the pockets amd hands of analysts. Also, thls chalcophile element may be
reported too high partly because it is rerorted in high concentrations in
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troilite nodules from iron meteorites. 1Its concentration in
iron sulfide from silicate meteorites is reported as 5 ppm by the
Noddacks! and as 38 ppm in the iron sulfide from iron meteorites.

The older data on indium indicates 0.15 to 0.20 ppm in
meteorites, but recently Shaw (1952) has been unable to detect indium
in two chondrites and one achondrite using a sensitlvity belleved to
be able to detect about 0.02 ppm. Our interpolated value of 0.193
corresponds to 0.15 ppm in chondritic meteoritic matter. It 1s
difficult to understand Shaw's very low values unless the large
amount of iron in the meteorites interferes with his spectrographic
analyses because of the high background produced by the many iron lines.

Maxima appear in both our curves at neutron number 58, which we
are unable to eliminate by any reasonable adjustment of adopted
abundances. At this neutron number the 87/2 shell might be filled.
Mayer and Jensen (1955) believe that the d5/2 shell should be filled
first at neutron number 56. We can see no irregularity in abundances
at this neutron number.

It 1s evident that it would be highly desirable to secure wore
modern analytical data for the elements from zirconium to tin. Between
mass pumbers 99 and 123 inclusive five pairs of isotopes of odd wmass
numbers occur with a maximum abundance ratio of 1.34, i.e. Sb12l to
Sbl23, Our values are selected on the assumption that the ratios
of abundances of nuclides that are not isotopic pairs should have
similar values.

Selenlum, Tellurium, lodine, Xenon, Cesium,and Barium

The analytical data on the first five of these eleuments is

almost of no
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value. Undoubtedly a marked decrease in the even mass
abundance curve occurs at mass 120 and a smaller decrease
at 119 or 121 in the odd mass curve. QGQolidschmlidt states
that the selenium-tellurium ratlo, based on data by the
Noddacks (1934), "way perhaps" give the right order of
magnitude, and he estimated 1t as 80. We use a value of
11.5 for the atomic ratio which may not be unreasonable.
The value for xenon is fixed relative to the krypton
value by reasoning presented above. The krypton-xenon
ratio 18 either 12.5 or greater, and we are assuming the
maximum possible value for xenon. The unusual abundances
of its odd mass isotopes and theilr relation to the even
mass abundances require maxima In both the odd and even
mass curves near mass number 130. A barium abundance
of 8 ppm in chondrites has been given recently by Pinson,
Ahrens, and Franck (1953). This gives an atomlic abundance
of 8.8. Our selected value of 1.83 is thus much lower.
Barium 1s concentrated in the earth’s surface reglons to
as high or even a higher degree than potassium, and hence
the reduction in the observed abundance is Jjustified to
some extent. We would prefer to use a higher abundance,
but, then 1f the smooth curve in the rare nuclides of Sn
to Ce (See Fig. 1) is to be preserved, a higher abundance

of xenon and tellurium would be required. This in turn
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requires a higher abundance of krypton.

We have been unable to
completely resolve our uncertainties on these points.
It 1s impressive, however, that the uncertainties
with respect to these relative abundances amount only
to a factor of 1.25 or 1.5, Our strontium to barium
ratio is 6.6.

The odd mass l1sotopes of these even atomle number
elements outline the odd mass curve. Iodine and cesium
at 0.40 and 0.228 fit nicely into the curve. The data on
both these elements are very unsatisfactory. Van
Fellenbergts (1927) data lead to an average of 1.25
ppm for lodine, while the Noddacks (1934) give 0.035
ppm. Our adopted value based entirely on interpolation
is equivalent to 0.33 ppm and is close to van Pellenberg
and Lunde's values {1926} for igneous rocks. In fact
2ll onr adapted halogen values are comparable to those
for lgneous rocks. Our interpolated cesium abundance is
equivalent to 0.20 ppm, whereas the Noddack's (1930,
1934) have given two values, 0.0l and 1.1 ppm for this
quantity.

Only a few data are given by the Noddacks (1931,
1934) for antimony in
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meteorites. We have selected 2 value which fits on the «dd mass curve with the
break in the abundance curve occurring at mass 121. The value so sscured,
namely O93 and equivalent to 0.39 ppm, is near the Noddack value, providing
the troilite data are ignored on the assumption that analyses on the troilite
from the metallic meteorites give values which are much too high for the sulfide
phases in average chondritic meteorites,

It is evident that the observational data for this range are very few in
muber and of doubtful quality. Our selected values may be extensively revised
as new dats becomes available, though we expect that the general shape of our
curves are likely to remain.

The rare earth elements, hafnium, tantalum and wolfram,

As pointed oat above, the relative abundances of the rare earth clements
have bsen used ag an argument for the existence of the given aburdance rules,
The rare earth elsments have chemical properties so similar that any major
separation of these elements from each other seems to be imprcbable in any
kind of cosmochemical process. Hence, the analytical data for meteorites
should give the relative abundances of these elements relative to each other
with great reliability. Furthermore, it scems improbable that even on the
surface of the earth these elements have been separated from one another by
a large factor, except in certain types of minerals, and except that according
to Goldselmidt and Bauer (Quoted by Goldschmidt (1937) europium has a tendeney
%0 separate from the other rare earth elememts and to follow strontium and lead
in its geochemical behavior, Minami (1935), in Goldschmidt's institute,
earried out a camplete analysis of terrestrial sediments for the rare earth
elementz. He found that in sediments ewropium does not show any zbnormal
abundance, and therefore,; concluded that these sediments containec the rare
earth elements in a ratio corresponding to that of the average at the earth's

surfoce.
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The analyses of meteorites carried out by Ida Noddack (1935)
lead to values considerably different from those given by Minaml
for terrestrial sediments. The ratio of La to the heavier rare
earth elements, such as Er, Yb, ete., is about 8 times larger in
Minami's values for the sediments than in those of Noddack's for
the meteorites. 1t seems difficult to belleve that a fractionation
of that order of magnitude could have occurred during the formation
of the earth, and it seems more probable that one of the series of
analytical data is considerably in error.

Minami's values for the abundances of the rare earth elements
relative to each other in terrestrial sediments have been tenta-
tively assumed here to glve a closer approximation to the truth
than the value given by Roddack. Goldschmidt {1937), Brown (1949)
and Urey (1952) all used Noddack's values and hence considerable
differences between their tables and the present table occur.

The abundance of the group as a whole relative to silicon has
been chosen arbitrarily so as to secure what appears to the
wrlters to be a reasonable interpolation to the lower and higher
mean abundances. Our values certainly lle within reasonable

limits of error of the data.

Considerable concentration of the group has occurred in
the more acldiec rocks and hence a somewhat lower value for

lanthanum




than that given by Noddack (1935) is Jjustified.
are adjusted only slightly from Minami's values 1n order to

secure smoother curves.

Table 5 compares the observed and

selected values both normalized to cur lanthanum value.

Minami's abundances
Our abundances

Minami's abundances
Qur abundances

Minamit's abundances
Our abundancas

The most serious dlsagreement occurs In the case of cerium.

discrepancies are surely within the observational errors, but

TABLE 5
Le cy Pr
1.00 2.46  0.295
1.00  1.13 0.20
G6d T Dy
0.31 0.043 0,21
0.34 0.048 0.28
Yb Lu
0.12 0.032
0.11 ©0.025

Nd Sm
1.25% 0.215
0.72 0.324

Ho Epr
0.052 0.1l1
0.05¢ 0.16

The abundances

Eu
0.052
0.093

Tm
0.008k
0.0159

The

also the true curves may be less regular than we have drawn them.

The abundance of hafnium was taken as

~ 1/110 that of zirconium, as discussed

above, Rarnkama (1944, 1948) gives the maximpum amount of tantalum in

neteorites as 0.38 ppm, equivalent to an atomic abundance of 7.32.

We have adopted the smallier value of 0.036 by interpolation.

We have discussed this with Dr. Rankama, who agrees that the lowe:~

value is probable.

It seems certain that the earller analytical data on wolfram
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are much too high according to Sandell (1946) and Landergren (1943).
Results of the Noddacks (1930, 1931) and by Hevesey and Hobbile

(1933) on igneous rocks are higher than Sandell's by more than a
factor of 10. We conclude, therefore, that the data by the Noddack's
on meteorites are also in error, and that there 1s no analytical
datum for wolifram in meteorites. We have interpolated a value

of 0.35 corresponding to 0.42 ppm. This interpolated value 1is

about one third of Sandell's value for igneous rocks.

Rhenium, osmium, iridium, platinum, gold

_ Brown and Goldberg (194%9) have determined rhenium in the
five 1lron meteorites by the neutron actlivation method and find
amounts varying from 0.25 to 1.45 ppm and an average of 0.62 ppm.
Assuming that mean meteoritic matter would contain some 10% of
metal phase this indicates about 0.062 ppm for this element. The
thermodynamic properties of rhenlum and its cowmpounds are nearly
unimown, but descriptive discussions of 1ts chemical propertiles
would suggest the posslbility of some chalcophile as well as
the proven siderophile character. Our selected atomic abundance
of 0,155 18 2.5 times the value estimated from the iron phase
alone.

Goldschmidt (1938) estimated osmium, iridium, and platinum

in ppm as follows:

Atomic
Metal Troilite Average Abundance
Cs 8 9 O.g C.6U
Ir y 0.4 0.4 0.31
Pt 20 2 2.0 1.5




42

The average is secured by assuming 10% metal, neglecting the troilite
phase, which was from iron meteorites, and assuming that these
elements are not present in the sllicate fraction and its troilite.
Our adopted atomic abundances are 1.00, 0.82 and 1.62 for Os,

Ir, and Pt, respectively. Goldschmidt’s estimates are certalnly
approximate, and the agreement is satisfactory. Data on these
elements, of the precision of the Goldberg, Uchiyama and Brown
(1951) data for Pd and Au would be highly desirable. The even and
odd mass curves, if they are smoocth and 1f their slopes are

given by the isotopic abundances of Re185 and Re187, 03187 and
08189 | and 1r191 and Ir19% for the odd mase curve and mostly of

194 196 198 for the aven

the 08188 and 08190, ana pt!%*, pt1%° ana pt
mass curve, must lie close together and have maxima at masses
193 and 194. These maxima are similar to those in the neighbor-
hood of mass number 130.

We use Goldberg, Uchiyama and Brown's (1951) data for the
nickel-gold ratlo in order to fix the atomic abundancs of gold.
These analytical data have a rather wide spread of values for this
ratic with an average value of 5.8 x 104 by weight. Thelr palladium-
gold ratios are more nearly constant. With our nickel abundance
this gives 0.145 for the atomic abundance.

Mercury, thallium, lead, biswmuth, uranium and thorlum

Mercury is a volatlile element which way have besn partiy lost
from the meteorites. Also it is so prevalent in all chemical

laboratories that all analyses are suspect. The Noddacks (1934}
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reported it in Canyon Diablo troilite. We interpolate our mercury
value at an atomic abundance of 0.0318.

The Noddackis give 0.15 ppm for thallium in the sllicate phase
of meteorites, but Shaw (1952) was unsble to detect its presence
in two chondrites and one achondrite and this indicates an abundance
of 0.0l ppm. Shaw'!s extensive studies establish the mean
abundance of thalllium in lgneous rocks as 1.3 ppm. This element
is greatly concentrated in the surface terrestrial rocks and
hence is probably concentrated in the chondrites as well. This
indicates a very low solar abundance. In order that T12°3 and
T12°5 shall lie on a smooth curve with our Pbgo7 and 31209, we
take the thallium atomic abundance as 0.0112 corresponding to
0.013 ppm. If we take the solar value for thalilum in nonvolatile
material as 1/100 of Shaw'’s terrestrial mean, as we have done for
potassium, we secure this same value. Also, Ahrens (1947) found
a ratio of rubidium to thallium of 230 in atomic abundance for
pegmatitic minerals. Our adopted ratio is 250. We are unable tc
explain Shaw!s very low observed values unless the high iron conternt
interferes with his analyses. If thallium 1s much less abundant
than we have assumed, all of the thallium of the entire mantle
of the earth must be in the crust, which appears to be unlikely.
Our qgsumed value muliiplied by the factor of about 4 should be
the amount of thallium in the chondritic meteorites.

Falrly high values for lead in meteorites were reported by

Goldschmidt and the Noddacks in all phases of meteorites. Today




these data all appear to be doubtful, because Brown and his co-
workers have shown that lead 1s present in much smaller amounts in
all phases. Lead is a very ubiquitous element, present in many
reagents and in water in small amounts and, since the use of
tetraethyl lead in motor fuel, in atmospherlc dust as well. Because
the trollite from metal meteorites probably does not contribute

to the average to an important extent, even the very reliable lead
determination of Patterson, Brown, and Tilton (1953) does not
increase our knowledge of the natural lead abundance. We shall

use other arguments Iin order to secure a value for lead.

Patterson et al (1955) have determined the isotopiec composit. or
of lead from Canyon Diablc and Henbury iron meteorites and found
thelr lead compositions to be nearly identical, and to contain the
lowest amounts of radiogenic leads, Pb2°6, Pb2°7 and Pb2°8,
relative to Pb20% op any natural leads so far studied. They
believe that this is primeval lead of 4.5 x 109 years ago.
Patterszon {1955) hag isolated lead from terrestrial basalts
and chondritic meteorites and has determined the isotopile
composition. Subtracting the amcunts of Pb2°6, Pb2°7, and Pb208
relative to Pbeon, taken as unity of the iron meteorites from the
amounts of these isotopes 1n the basalts and chondrites, they
secure the relative amounts of these isotopes which are f{he
product of radiocactive decomposition of 3238, U235 and Th232
respectively. Without knowing the amounts of uranium and thorilum

the age of the leads can be calculated from the Pb200 to Pb207 patio.
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The age so calculated is 4.5 x 109 years both for the basalts
and chondrites. Wasserburg and Hayden (1955) secure essentially
the same age for chondrites from the KMO,ANO ratio. The identity
of the ages for the basalts and chondrites has been puzzling,
since they have had very different histories. This identity wmust
mean that uranium and lead accowpany each other rather closely in
differentiation processes and, specifically, since uranium and
thorium have been concentrated markedly in terrestrial surface
rocks, lead uust be s0 concentrated as well. Also, 1f uraniunm
and thorium have been ccncentrated in the metecrites dy a factor
of 3.2 as Urey has argued, then lead must have been concentrated
by the same factor also. This simple circumstance would explain
the identity of the ages of terrestrial and meteoritic material
as determined by the lead methods. Dr. H. D. Holland independently
came to this conclusion and brought it to our attention.
The age 1s the time since the Canyon Diablo and Henbury metecrites
became separeted from uranium and thorium and no other age 1is
involved. Perticularly, the data determines nothing about the
time of formatlon of the earthis core, for in order to determine
this a sample of the core lead would be needed.

Sandell and Q@Goldrich (1943} have determined the amounts of
lead in basic and acidic rocks and found average values c¢f 9
and 19 ppm, respectively. Sahama {(1945) found from 9 to 27 ppm
in granites. These are modern analyses and we believe they are

reliable. Patterson's vaiues for the chondrites of 0.4 to 0.9
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ppm are not presented with great confidence by him, but they
appear to be approximately correct. The ratio of these values
is perhaps 25 as an average. The ratio of potassium in the
earth!s crust, i.e. 2.6%, to its amount in the chondrites, 0.09%,
is about 29. Also, uranium and thorium are concentrated in the
earth's surface relative to the chondrites by the same factor
roughly. The evidence indicates that lead 1s concentrated along
with potassium, uranium and thorium in melting processes, and is
apparently lithophile in character and not chalcophile so far

as these processes are concerned. Rankama and Sazhames {1950, P. 97
f£f) discuss this character of lead.

In view of the above argument we calculate the lead
abundances as follows. We take Urey’s {1955) estimate for the
uranium abundance in solar matter at the present time as 0.0332
ppm of the nonvolatile fraction, which is 1/3.19 of chackett!s et 2l
value for uranium in the Beddegelert meteorite. It is nearly 533?50)
v238, Since the half 1ife of U2381s 4,51 x 109 years, the amount
of U238 aeccmpésed in 4.5 x 107 years is 0.0332 ppm. This
produced 0.0287 ppm of Pb2°6. Pattersonts estimate of the amounts
of radiogenic leads produced in 4.5 x 109 years relative to szou
are given in the first line of Table 6. This i1s the average of ti :
Forest City and Modoc meteorites. The 9.87 of szos is relative
to Pb20% 313 equivalent to the 0.0287 ppm given above. In the
second line are Patterson’s values of Canyon Diablo lead which

is presumed to be primeval lead. By slimple proportion we calculate

i
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the atomic abundances of the other lead isotopes assuming that the
Canyon Diablo lead has the primlitive composition and 1list these
in the third and fourth lines of the table. The values secured

are more approximate than indicated.

PABLE 6
Average radiogenic lead (1) 9.87 5.50 9.14
Canyon Diablo lead 1 9.50 10.36 29 .49
Solar abundances of primeval 0.00288 0.0276 0.0303 0.0867
lead, ppnm
Atomic abundances of 0.0021% 0.0203 0.0222 0.0631

primeval lead

If Pattersonis lead lsotope ratios for Nuovo Laredo had been
uzed instead of those of Modoc and Foreat 21ty our lead abundances
would be lower and there is no certainty that chondritic
meteorites will not be found with lead isotopie ratios giving
higher abundances of primeval lead. Urey’s estimate for uranium
depends on the heat balance of the earth, moon and Msrs and
cannot change much due to future uranium determinations unless
his arguments are shown to be incorrect.

The Noddacks give 0.14%4 for the atomic abundance of
bismuth. Its geochemical distribution has not been carefully
studled. We adopt the somewhat smaller value of 0.08, which with
Pb2%7 and our choice of thallium gives a smooth curve connecting
the o0dd mass nucllides. Mostly the older analytical values for
rare elements are too high and hence this lower value mey be

Justified.
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We adopt values for U235, 0238 and 232 vy calculating
the amounts of these nuclides at 4.5 x 109years ago from Urey's
(1955) estimate of their present concentrations. The values so
secured are 0.0121, 0.0423 and 0.0858, respectively. These are
minimum values for the abundances when the elements were first
synthesized, since this time was probably more than 4.5 x 109
years ago.

If we do not decrease the observed uranium and thorium
abundances by a factor of 3.2 as required by Urey's argument,
the Pb, T1l, Bl and Hg abundances must all be raised by this
factor. We believe that the observed data on Bl and Hg are
not good enough to give any welght to any possible decision in
regard to this questlon. Since thalllium 1s concentrated at the
eertht!s surface, 1ts abundance in the chondritic meteorites gives
no evidence in regard to this question.

The Age of the Elements

As is well known the elements cannot be older than the time
regqulred for the production of all Pb07T from US35. The ratio of
lead to uranium in a sample of marerial in which this ratlioc has not
changed since the formation of the elements gives the necessary
data for a valid caleulation. By using the Patterson et al. (1955}
data on Forest City, Modoc, Canyon Dlablo and Henbury meteorites
for the lead sbundances, we have the necessary data. 'The time
calculated from this data to produce the Pb20T of the iron
meteorites is 1.07 x 109 years and this gives 5.57 x 109 as the
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maximum age of the elements.

If some Pb207 ywas produced by the processes which produced
the elements, the age is less than this. If the age is 5.2 x 10°
years, that 1s one half life of U235 earlier than the age of the
meteorites, the abundances of the lead isotopes become 0.0101,
0.0153, and 0.0600 for Pb 297, P»206, ana Pb208, respectively.

The logarithms of these are 0.004-2, 0.177-2 and 0.778-2. Taking
the mean of the logarithms for Pbeosand Pbgo8 and subiracting

that for Pb2C7 glves 0.47 as the difference between the odd and
even mags curves. This difference as we have drawn the curves

is 0.20 and hence it would be necessary to lower Bi202 and the
thallium poirts by about 0.27 in order to secure a smooth curve.
The dats of these elements 1s hardly sufficiently certain to
exclude this possibliity. However, the difference of 0.47 between
the two curves is larger than the separation of our even and odd
mass curves at any point above mass 120. Since the odd and

even mass curves become closer together at high mass numbers, 1t
seems likely that the elements were synthesized more than

5.2 % 109 years ago. This estimate does not depend on the
absolute valuss of the abundances of lead and uranium, but only on
thelr ratios which are determined from the lead isotope ratios.

If the Patterson data for Nuovo laredo meteorite were used the
calculated age of the elements would be less. On the other hand,
from the absence of conspicuous amounts of Xel29 and the ¥mown half

1ife of 1129 in meteorites, Suess and Brown (1951) conclude that
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the elements were formed at least 3 x 107 years before the
meteorites. We conclude that the elements of our solar system

originated 5.0 ¥ 0.2 x 109 years ago.




Problems of Interpreting the nuclear abundance distribution

Theories of the arigin of the elements

The nuclear abundance distrihution as derived from the discussion above,
supplies a basis for comparison of empirical data with the various theorles of
the origin of the nuclear species. WNo such comparison will be given here,
and the reader is referred to thresexcellent review articles by Alpher and
~Herman (1950/11?953‘3) on the theory of the origin and relative abundance
distribution of the elements dealing with this subject, in which some 180
' papers are critically discussed. It is shown there that none of the existing
theories can account for 3l of the empirical facts, even in a crude way.

Hence, it seems hooeless to attempt to explain the finer details presented
here by any of these theories in their present form.

It seems possible; however, that a modification of one theory or the other,
in particular through assumptions regarding secondary and subsequent reactions,
may lead to 8 satisfactory agreement. We hope that the following discussion will
be helpful for the study of the nature of such reactions,

The nuclear abundance values obtained in the way described ahove differ
in some mass regiona quite noticeably from ovrevious estimates (Suess 19L9).

A comparison, however, of figure I with the corresponding figure published
previously shows that the main features of the abundance distribution have

been retained, These features are essentially indevendent of the choice of the
element sbundance and constitute well-defined problems, which will be discussed

in the following. This discussion will not be a complets one, and it will be left
to the reader to detect many more features in figure 1 which might serve as evidence
for or against the prevailing of a certain mechanism of element formation.

An impressive difference exists between the character of the region of the

lighter (A <90) and heavier (A > 90) muclei. In the lower A region ths line
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for the sum of isobaric ahundances for the even A svecies has a zigzag-shaped
irregular appearance and the azbundance values depend strongly on the neutron
exc2as nurber. At mass numbers where two stable iscbars exist, the one with the
smaller neutron excess has the higher nuclear abundance in the light mass reglon.

Going to higher mass numbers the curves for the sum of the isobaric abundances
get more and more regular and the iscbars with tte higher neutron excess become the
more sbundant ones.

One may try to understand this difference by considering two types of
muclear reactionss

(1) A reaction leading to the formation of nuclear species on the neutron-
rich side of the energy valley. This resction predominated at higher mass
nuders and ylelded a "asmoothed out! abundance distribution.

(2) A reaction leading to nuclei on the neutron-deficient side of the energy
valley. This reaction predominated and led $o the "fing structuwre™ in the abundance
distributioTn of the lower msss region.

It is feasible to assume that reaction (1) was a "neutron eapture, build up®,
that is (1] #) followed by ﬂ -decay, as postulated by the neutron capture theory.

No theory has yeit bsen proposed, that could account for a reaction of the type
(2) but the empirical evidence indicates that a reaction of this kind is required,
as will be shown later.

A steady change of the abundances with mass munber has to be expected from
any theory in which very high temperatures (kT > 1 Msv) are postulated for
the transmtation of nuclei of one given mass mumber into those of another mass
nuber. In the ease of a very high temnerature, not only the ground state but aisz:
many excited states will be involved in the reactions so that the effect of an abrupi

change of a property of the ground states (for instance at a magic number) will bs




“smeared out™ as a result of th-~ participating excited states. The same will be true
if the reactions lsading to changes in mass number take place in the regions of the
beta unstable nuclei on the slopes of the snergy valley, as is assumed in the neutron
capture theory of the formation of the elements (Alpher and Herman, 1950, 1951, 1953).

The sum rule of 1sobar abundances

In the A 100 region the iscbar with the highest neutron excess, is almost
:alwaya the most abundamt one., The abundance of the igobar with the lower neutron
sxceas, the 30 called "shielded" isobar is only of a ecomparahle magnitude, if
this isobar has a conslderably greater binding energy than the unshielded one.
In most of these cases the value for the sum of the abundance of the twoisobars
agrees with an intervolated value batween the values of the unshielded isobar
existing at the mass nunbers A - 2 and A & 2,

The distribution gives the impression, as if, in this mess range, the shielded
nuclei have formed from their shielding isobars after the mass distribution
was established. IV can be shown, however, that such transmutation can not
have occurred by two gsubsequent 8™ decays from & thermally exclited isvel. One
can show this by considering the isobaric pair InnsaSnns for which the following
information is available: Ratio of abundance Inu‘s/SnuS = 10,5, Excited level
in InM5 : 0,335 Mev = E*. Half 1ife on this state: L.5 hours, Partial half life
for the beta decay of this state 70 hours., Sping of Inns in the excited and
nornal states ave 5/2 and . The mumber of In*l> ruclei in the excited state,
N*, at s temperature T will be N¥ U = g/g* ¥ e"E*/ K[' prom the above expsrimental
data one finds that natuwral indium cannot have been at a temverature T for more

than
g0 x 90033 5T hours,

with kT expressed in Mev,
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This means that the Inll5 in nature cammob have been suhject to a higher
tempsrature then about 0.3 Mev = k’T‘ for more then a few days, or else a larger
proportion of the nuclei of mass 115 would be present in the form of Snm'S °
By comparing this result with available data on exeited states one finds that it
is not possible to account for the abundance of the shielded nmuclear species
by assuming beta decay from thermally excited levels higher than the ground state
of the intermediate odd-odd isobar. According to the neutron capture theory,
shielded nuclel will form in the later stage of the neutron build up when the
rate of the neutron capture procasses becomes emaller then the average rate
of beta decay, so that the build up takes place in the stable muelei region.
They will then form from sufficliently long lived or stabls odd A muclei by
(777) and subsequent beta decay of the odd-odd nuclei. These abundances,
however, canqot. rezdily be expected to follow the pattern required by the sum
rules.

Light isotopes in the higher mass region

The nsutron c¢apture thsory doe s not account for the exigtence of the
type of shislded muclel that have a lower binding energy than their shielding
isobars and are on the @* side of the energy valley. The abundance of these
specles is in general about ten times smaller than that of the energstically
favoured type of shielded nuclides. Their abundanee is not corrslated with their
relative binding energies, One can immediately see this from the fact that
in & number of elemsnts the abundance of the lightest isotope is higher than that
of the second lightest. This is the ease for Mo, Ru, Cd, Sn, Xe, and Ba.
In the case of Ce and Dy the lightest isotope is only slightly less abundant
than the second lightest. The lightest isotope; of course, always has z smaller
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binding energy than the second lightest.

The most remarkeble feature in the abundance distribution of these rarer
nuclides is, that, for wide ranges of mass numbers, their abundance values as a
function of A seem to follow a law of "amoothness" of their omm. In particular
the abundances of Snm, Snnh, Teno, Xelzh, Xemé, BaBO, etc., show this behavior
in an impressive way. The conclusion seems inevitable that in these mass ranges
a fraction of nuclear matter must have formed on the ﬁ'r side of the enecrgy valley
in the region of the unstabls neutron-deficisnt nuclear species, in a way that
led to a "smoothed out® distribubion of the stable speecies. Possibvly, secondary
gpallation processes may have led to the formation of these muclides in the
required proporticnsg.

Magic nurber effects in the higher mass region

Elsasser (1933, 193k) was the first physicist who noticed that the abundance
of nueclear species containing certain numbers of neutrons or protons is exceptionaliy
large. These numbers, the so called "magic nunbers® are:

2, 8, 20, 28, 50, 82, 126 = = = = -

They belong to two different arithmetical series:

(1) 2, 8, 20, Lo, 7O, 112 - = = =~ =
(2) 2, 6, Uy, 28, 50, 82, 126 = = = = =

The first series is significant at lower maes nunbers, while the second
series predominates at mass numbers greater than 40. Magic mumber affects are
now well understood in terms of a shell structure of the nucleus, {(Mayer and
Jengen, 195%)

A magic number 1s signified by the sudden drop in dthe binding cenergy of the

next mucleon, The binding energy of the next mmeleon, however, is alsv a funection
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of the neutron excess number. In the higher mass number region there is no
obvious correlation of abundances with neutron excess, and therefore no simple
correlation of the abundance values with the drop of the binding energy of the
last particle at a magic number can be expected.

Hughes and Sherman (1950) have shown that the neutron capture cross section
of nuclei containing a magic number of neutrons is exceptionally small. This
experimental result has been taken as strong evidence gveaking in favor of the
neutron capture theory of the origin of the elements, because in this theory
the high cosmic abundances of the magic neutron nuclei follow from the low
neutron canture cross sections in a very satisfactory wey. A neutron build--up
process taking place in the region of the stable nuclei leads, according to this
theory, to a sharp rise at a neutron shell edge and a gradual smooth leveling off
of the muclear abundances when going to higher mass numbers. If the neutron
build-up takes place in the region of the neutron-rich ﬁ-’unst.abla nuclei,
the maximum to be cxpected will be flattened out and be displaced toward lower
mass numbers. It is possibk that the broad maxima in the abundance curves
around mess mumber 130 and 194 are magic number effects of the shell closures at
N equal to 82 and 126 from a neutron build-up in the N-Z equal to 3L and Sh
regiong. With decreasing neutron density the center of the build-up reaction
will shift to lower neutron excess numbers, so that the sharp maxima at A equal to
138 and 208 mey have plled up subsequent to the formation of the bulk of nuclei
in this mags range,.

It has not yet been possible to describe the kinetics of such reactions in
a more rigorous quantitative way and to find out what assumptions are necessary
%0 explain the sharp minima around A equal to 135 and 206 immediately proceeding

the N egual to 82 and 126 shell closvres.
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In the corresponding region preceeding the shell closure at N equal to

50 no conclusive indicetions of a similar pattern are found.

The data, however, indicate a small maximum for mueclei
containing 50 neutrons and 2 minimm preceeding that region. Our adopted values
show this behaviour, although a more regular patiern may also be possible,

A break that cannot be smoothed out by any means, occurs in the abundance
curves at A equal to 120 and 121. The break, associated with & change in the char-
acter of isotopic sbundance distribution occurs at & point where the number of
neutrons in the miclei reaches 70. The break at this number is unexpected, but
the conclusion seems inevitable that the high spin of the neutrons in the 6 h1y/2
shell must in some way be connectad with this irregularity., At the corresvonding
place for 112 neutrons & slight change in the character of the abundance
distribution might be discerned, but a break in the abundance curwes, which might
posaibly exist at & equal to 186 amd 187, can be smoothed out without difficuity.
Prcbably the £illing of the 7 & 13/2 neutron shell begins before the number of
ngutrons reaches 112.

Other irregularities in the higher mass range are less impressive and not
ag firmly astablished. Uncertainiles in the relative abundances of the rare
sarth elements make it impossible to recognize in a quantitative way an irregularxity
which apparently exists in the A equal to 170 regilon, and o see what pattern

may be corralated with the fact that the odd A hafnium isotopes do not show z2bun-
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dance valueg Pitting into the trend of the odd A sbundance curve. I$ nay be
noted that the sum rule is not cbeyed at wmass number 176, It might be tempting
%o correlate the leng half 1ife of the naturally cceurring LullC with this
irregularity; but ro plausible reason for such a connection ean be suggested.
Contrary %o cuyrent opinion no indications are found in the abundance

distribution for affeets, that cen in an unmistakeable way be atlributed to

_ proton shell closursse

The 704 & < 90 mass region

From what wes 33id in the preceeding paragradh one ls led to the comclusion
that in the & 290 rsglion most of the nuclezr wmatiter must have formsd on the
noutron-rich side of the energy valley and only & small fraction of about 1%
on the neutron-deficient /T_g"f’ gids. In the following section it will be shoma
that obvicusly the opoogite is trus for the region of the lighter eloments with
rass numbers £< 70 where the bulk of nuclesr nabier mus: have Pormed in the

' +
form of neutren-deficient (3 active muolides. From thig It secems reasonable o

suspzact that an intermediate range of wass numbers will exist, wheve the nuclei
have formed direchbly in the region of thes stable nuclear speeies close to the
bottom of the emsrgr valley., If, for instancs one assumes that the final abundance
distribubion 728 determined by the Uwo opposite veactions discussed above, in

suech 2 way thet im o later stage of the development the on3 veaction ("nsutron

bulld wp”) predominated in the higher mass region and the reverse reaction in

tra lower mess vegion, then Bhe abundance in an intermediate mess vange shoulid
reflsct equilibrium eondidtions o a greater degree than those of any cthor massg
yange., This, indeed, seems to be 1Ixdicated by t¢he empirical abundanse data..
Tro odd A abundanees in the vegion f*om A squal to 57 ¢o B7 £it into a.

grooth curve, Lhe even & ebundences, horerer, show a stranzely irregular behavior




and the sum rule of iscbaric abundances is certainly not obeyed. Another kind
of ragularity, however, becores apparent at once, if one connects the values for
nuclei with the same neutron excess in figure 1. In this case smoosth lines are
obtained. In regions between shell closure the binding energy will be a smooth
function of the mags number for species with the same neutron excess and therefore
the smoothnass of thls pattiern can be taken as an indication of an intrinsic
relationship of the binding energy and cosmic gbundance of the nuelel in this
mase range. An estimate of the apparent temperature governing such relationship
gives values for kT of the order of 1 Mev,

The fact that the odd A abundance curve dces not clearly show any correlation
of abundances with neutron excess is not surprising because the contribution
of the 6 unstable isobars to the {inal abundances of the stable sperecies will
be much large for odd mess numbers than for even., Besides this, minor irregularities
in the codd & abundance curve msy have been ‘“smecothed out! when estimating the
abundance values for the ellemntsa

The iron peak and the lower mass reglon

The new value for the Fe to Si ratlo, which is about one third of that
previously asgsumed, still leaves the abundance of F‘e56 larger than the sum of
abundance of all cther nuclear svecies with mass munbers greater than L0, No
property of the Fe56 nucleus is known that could possibly exnlain its predominance
in nature. Fo C, however, is an iscbar of the "double magic® unstable Ni56,
which contains 28 mrotons and 26 neutrons. The expectation of & correlation of

abundances with nuclear properties leads inevitably to the conclusion that Nisé

56 has fomad]/mdg hencey; that the nuclei

was the primeval nucleus from which Fe
of this mass region had formed on the neutron deficlemt gide of the energy valley.

I7¥hisTdea was first suggested by 0. Hexsl in 1946 to one of us, quoted as a
private communication in Suess (1948)




5Cs

The half life of Nis6, which decays by K-capture into 8056 (80d} has recently
been found to be 6.5 days (Sheline and Stoughton (1952) and Worthington (1952)).
Hence the process leading to the excessive abundance of mass 56 ecannot have taken
longer than a few days.

Together with Fe, the elements Cr, Ti, and Ca show an excessively high
abundance of their isotopes with the neutron excess of I equal to L4, This
may be taken as an indication, that ‘n this whole mass range muclei with zero
neutron excess, 1. e. (N = 2), had formed first and thereafter decayed into their
I equal to 4 isobars. In general nuclei with ¥ = Z seem to show higher binding
energies than would correspond to a perfectly parabolic energy valley and this
makes the high original abundance apnear pla.usibleo?j That the abundance
distribution was actually established within less than a day is indicated by the
half life of Fe52 of 7.8 hours, which decays into Cro2.

Undoubtedly, magic number effects exist at N = §, 1y and 20, although
the uncertainties in the abundance values and the rapid changs of abundances
with mass mumber in this region mekes the character of these effeets somewhat
obscure, The enhanced abundance of the nuclei Mg3° and A8 with T equal %o 2
indicates effects from the ghell closure at N equal to 1 and 20, respsctively.

Harkin®s rule and the abundances of odd 4 nuclei

According to Mattauch's law, there is only one iscbar stable at each odd
masg number. There axists, however, for each odd mass muber greater than 32,
also at least one unstable isobar with a half 1life of more than & day, that
is a half life long compared to the time in which the mass distribution was
established, Obviously, at an odd mass number unstable iscbars must have on the
average contributed relatively more to the abundance of the stable species than

_§7 See B1att and Weisskopf, Theor, Nuc. Phys. P. 241 £f. Theoretically the
"gymetry™ energy leads to two parabulae crossing at N = Z,
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at an even mass mumber. From this, ome can understand the fact that the odd A
abundance curve is much more smoothed out than that for the even A specles.
Otherwise the difference in the abundances of the even and odd nuclear species
my be only a qualitative nature.

As expressed by Harkin's rule, there is always one even A isobar at each
mass mumber with an abundance greater than the gesometric mean of the respective
odd A neighbars. The difference in the even and odd abundances, i. e., the
even odd effect of the abundarnces, decreases with inereasing wmass nunbers and
disappears for several mass mmbers around A = 170 and 190.

The even odd sffect of the abundances, as expressed by Harkin's rule can
not be a simle consequencs of the difference in the binding snergies bstween
the even and odd A& nuclei, a8 was assumed for many years. The effeet does
not follow from the neutron capture theory of the formation of the zlements, but
& nurboer of refinemerts ard additional assumptions are possible wh'ich eold
explain the affect within the frame of this theory in a satisfactory way. For
example, the rate of the processes in a bets decay series is on the average
somewhat greater for odd than for even mass numbers so that odd A species formed
on the neutron-rich slope of the energy valley will decay into spegies with a
lower nsubron exgess somewhat faster than even species. The neutron eapturs
cross ssction will depand on the neutron excess and will at a given mass mumber
be larger if the neutron excess is smaller so that odd A species wiil be transformed
by neutron eapture into even species of the next higher mass number at a somewhat
greater rate than even species into add ones.

The discussion of the general picture of the abundance distribution could
be continued at much greater length. Hawever, it is hope that the points mentioned
here will eventually lead to improvements of the theorstical basis and of the
coamalogic model which in turn will facilitate an interpretation of empirical

Paatures in the distribution of cosmic nuclear abundanse.




TABLE 11
Atomic Abundances of the Elements?¥

Silicon = 1 x 106

Abundances according to:

Goldschmidt Brown Urey This paper
(revised)
1 H 5.5 x 1010 3.5 x 1010 3.62 x 1019
2 He 3.5 x 107 3.5 x 107 2.8 x 10’
3 14 100 100 100
4 Be 20 16 20
5 B 24 20 2l
6 ¢ 8.0 x106 8.0 x10° 6.75 x 10°
7 N 1.6 x 107 1.6 x 10/  1.41 x 107
8 o 2.2 x 107 2.2 x100 2.5 x 107
9 F 1500 9000 300 1600
10 Ne 9-0 x %g;-- 1.0 x 107
11 Na  4.42 x 10% 4.62 x 10 5.10 x 10 %.00 x 10"
12 Mg 8.7 x 102 8.87 x 10° 9.3 x 10°  1.41 x 10°
13 Al 8.8 x 10* 8.82 x 10“ 8.2 x 10 6.31 x 107
W st 1.0 x 10° 1.0 x10° 1.0 x10®  1.00 x 10°
15 P 5.8 x 107 1.3 x 10% 7.5 x 103  7.06 x 107
16 s 1.14% x 107 3.5 x 105 9.8 x 10%  2.50 x 107
17 C1 4000--6000 17,000 2100 2800
18 A 1.3 x 10%-- 1.12 x 107
2.2 x 10°

19 K 6900 6930 3400 854
20 Ca  5.71 x 10t 6.7 x 10% 5.6 x10* 5.36 x 10*



21

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

41
42

15

4700

130
1.13 x 10t

6600
8.9 x 10°

3500
4.6 x 10%

460

360

19

190

18

15

43

6.8

9T
140
6.9
9.5
3.6

TABLE II
continued 2

18
2600
250
9.5 x 107
7700
1.83 x 10
9900
1.34 x 102
460
160
65
250
480
25
Yo

6

7.1
41
10

150

0.9
19

9.3

17
1800
150
8.2 x 10°
6800
7.091 x 107
2300
3.6 x 10t
L20
180
10
110
4.0
13
49 2

6.7
20
9.7
55
0.7
2.4
2.1

48
1020
380
1.82 x 10%
7900
6.084 x 107
1730
2.74 x 10
228
4386
i4.5
50.5
3.2
37.7
5.76
25.0
2.18
12.1
8.9
23.9
1.00

m

2.42
1.49



45

47

59
50

52
53
54
55
56
57
58
59
60
62
63
64
65
66
67
68
69

g BB &G 8

1.3
1.8
3.2
2.6
0.23
29
0.72
0.2
1.4

0.1
8.3
2.1
5.2
0.96
3.3
1.15
0.28
1.65
0.52
2.0
0.57
1.6
0.29

TABLE I
continued 3

545
3.2
2.7
2.6
1.0
62

1.7

1.8

0.1
3.9
2.1
2.3
0.96
3.3
1.2
0.28
1.7
0.52
2.0
0.57
1.6
0.27

0.71
1.3
0.35
2.2
0.27
18
0.79
0.16

1.5

1.3
8.8
2.1
2.3
0.96
33
1.1
0.28
1.6
0.52
2.0
0.57
1.6
0.29

0.214
0.850
0.346
1.36
0.193
2.65
0.493
3.26
0.40
2.0
0.228
1.83
1.00
1.13
0,20
0.72
0.332
0.0935
0.342
0.0478
0.278
0.059

0.158
0.0159



TABLE IX
continued 4

70 ¥b 1.5 1.5 1.5 0.110
71 Ia 0.48 0.48 0.48 0.0251
72 Hf 1.5 0.7 0.55 0.219
73 Te 0,40 0.31 0.26 0.0363
T4 W 14,5 17.0 13.0 ? 0.352
75 Re 0,12 o.41 . 0.07 0.135
76 Os .7 3.5 0.97 1.00
77 1Ir 0.58 1.4 0.31 ¢.821
78 Pt 2.9 87 1.5 1.625
79 Au 0.27 0.82 0.21 0.116
80 Hg 0,53 £0.006 0.0318
3. T 0..7 0.11 0.0112
32 Pb 9.7 42,0 0.52 0.108
85 Bl C.31 0.21 0.14 0.0T94
70 Th C.59 0.22 0.0856
g U 0.23 0.02 0.067 0.0542

®  (oldschmidt’s values as given in the table have been modified
slightly by Suess and by Urey 1in accordance with data which is
now five years old. Urey's values are empirical data for the
chondritlc meteorites modified in accordance wit. new analytical
diata discussed 1 the text but without adjustmenw by factors

of" about 3 or & f'or fractionation as appiled to the data in the
last column. The lead, thorium, and uranium values given

under Urey (revised) are for the preseng time while those in

the last column are for a time 4.5 x 107 years ago.
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21

22

23

24

25

26

a7

28

29

Sec

™

Cr

Fe

Co

Ni

Cu

54
56

G\OWN

a—:\aw Ccw
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24
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28
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30
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32
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52
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TABLE I1I
Continued 3
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48

1020
81

19
TH9
gé,a
380
1
212

18170
800
15200
1730
iy

_7900

6.084 x 103
3.59 x 10
5.57 x 10

1.34 x 10
2000

1730

27400
18570
7170
340
1000
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TABLE III
Continued 4

30 2Zn 2.69 436
64 3y y 2.38 238
gg 36 6 2.13 134
1. §%.§
68 gg % 109 b °
. 70 4o 10 0.53 3.
31 Ga 6 g 1.12 13.53
69 I __._26_°° 8T
L 1o 9 0.7¢ 277
32 Ge 1.70 50.
70 38 6 1.02 10,
72 4o 8 1.14 13.8
z& 43 9 0.58 .84
7 L2 10 1.27 18.65
76 yy 12 0.59 3.87
33 As 75 2 2 0.50 3.2
34 Se 1.57 37T
TU 4o 6 0.56-1 0.36
76 EQ 8 3134 g,uu
. &3 ] Q.45 éfili
%% yy 10 0.95 .90
80 46 12 1.27 18.83
82 48 14 0.52 3.33
35 Br 0.76 5.76
Q.46 2.91

79 Ll 9
81 T3 i1




37

38

39

41

42

Uy

45

Rb

Sr

Zr

Mo

Ru

84
86

TABLE III
Continued 5
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47

48

49

50

51

Pd

cd

Sn

Sb

106
108
110

112
11
11
116

TABLE I1I

Continued 6

00 3"1

10 0.83~3
12 0.90-2
-l 0.28-1
14 0.75-1
16 0.36-1
18 00%"'1
005""‘1

lz 0022-1
li_ 0»22"1

0013
10 0.22-2
14 Oegg-l
1 Q.24-1
]_.%- 0051"1
_]_.1 0022"1
18 0.59-1
20 0.02-1
0.28-1

_]:i_ 0'29-2
l.l 0' "'1
o.k42
12 0.43.2
14 0.26-2

1 .97~
]% 0. "1
17 0.31-1
18 Oo "'1
3._9 Ov%"‘l
20 0.9“’"1
22 0. 10‘1
24 0.20-1
0.29~1

1.2_ Oo "'l
1 0.352-1




52

53

54

55

56

57

58

Te

Xe

Cs

Ce

120
122
123
125

128
130

136
138

142

68
70
71
T2

13

78

TABLE III
Continued 7

16
18
19
20
21
22
24
26

21

———

16
18
20
21
22
23
20

26
28

23

o

18
20
22
23
0

%

24
25

20
22
24
26

0.51
0.3
° 1"
0-26"2
0.36-1

0.02
0.05

O Ow
s & ¢
N
N0 OG0\
O o
OUNND

O Qo
L [ ] ] *
NHO OO
N
18]

b
L ] -
O
A\
=W

1.00
0.0009
1,00

1.13
0.00220
0.00283
1.00
0.125




29

60

62

63

64

65

66

Pr

Nd

w1

142
443

14
12
150

144

%ﬁg/
%%g

152 90
154 92
151 88
% @
152 88
154 90
® %
160 96
159 94
156 90
158 g2
160 o4
161 95
62 36
163 97
6 38

TABLE IIIX

Continued 8

23 0.30-1
0.86-1
22 0e2 "‘1
23 0.3 -2
3? 0.78-2

-7 -

% . 9"
28 0‘61’2
30 0.61-2
0&52"1
20 0.02-2
23 0.70-2
W Uo ;i "E
gg 0.66-2
is.3§_z
28 0095"'2
30 0'87“’2
0.27—2
2 0.65-2

ﬁ * 2"
C.53-1
24 0.84-4
26 0-82"‘3
%g O.E -2
2 0.73-2
609 5“2
32 0.87-2
gg. 0068"'d
0044-1
2u 0.16-4
26 0.40-4
28 0.80-3
29 0072"2
30 0.85-2
31 0.84-2
3? nosgj",z




TABLE IIX
Continued 9

165 98 33 0.77-2 0.059
0.20-1 0.158
162 9L 26 0.20-4 0.000158
164 96 28 0.37-3 0.00237
166 98 30 3.75-2 0.0520
2

%'g% 9 31 ‘5 - 0.038
1 3? 0063"2 O_QW%
0.022

170 102 34 0.35-2

169 100 31 0.20-2 0.0159
0.04-1 0.110
168 98 28 0.18-4 0.00015
170 100 30 0.52-3 0.00333%
71 101 31 0.20-2 0.0158
%%ﬁ 102 %2 U.38-2 0.0240
173 103 33 0.25-2 0.0178
e 1007 0 1 0.0349
176 106 36 0.14-2 0.0139
0.40-2 0. 022
%;g 104 33 0.39-2 0.0244
105 3T 0.851-¢ 0. 00085
0.34-1 0.219
178 102 30 0.60-4 0.00039
176 104 32 0.05-2 0.0113
177 %gg 33 0.61-2 0.0403
178 b1 0.77-2 0.0593
%%% 107 35 0.48-2 0.0302
108 k13 0.89-2 0.0770
181 108 35 0.56-2 0.0363
0.55-1 0.352
180 106 32 0.64-4 0.00044
182 108 34 0.97-2 0.0926
183 109 35 0.70-2 0.0503
I8 TI0 3% 0,031 0.108"

186 112 38 0.00-1 0.101



TABLE IIX
Continued 10

75 Re 0013"1 i 0-135
2 37 0.93-2 0.0851
76 08 0.00 1.00
. 184 108 32 0.26-4 0.00018
186 110 3y 0.20-2 0.0159
. 187 111 35 0.22-2 C.0164
: - m m 36 - - U-I; 5
189 113 37 0.21-1 0.161
| 1906 I 38 By 42 0.200
‘ 192 116 4o 0.61-1 0.410
| 77 Ir \ 0.91-1 8.82é
‘ 191 11 37 O.;O-l .31
m m E o - ms
78 Pt 0.21 1.625
190 112 34 0.00-4 0.0001
, 192 114 36 0.10-2 0.0127
194 116 38 0.73-1 0.533
%gg 117 39 0.7U-1 0.548
HY m w UQGQ’I GGEI;
198 120 42 0.07-1 0.117
79 Au 197 118 39 0.16-1 0.145
80 Hg 0.50-2 0.0%18
196 116 36 0.71-5 0.000051
198 118 38 0.50-3 0.00319
19 11 3 0.73-2 0.00539
26% Iﬁg Eg 0.87-3 0.00735
201 121 b 0.62-3 0.00421
202 122 0z 0.98-3 0.003%%
204 124 Yy 0.34-3 0.00218
81 T1 0.05-2 0.01125
203 122 y1 0.52-3 0.00332
205 20 3 0.90-3 0.00793
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90
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Pb

Bi

204 122
206 124
207 125
208 126
209 126
232 142
%W

106

TABLE IIIX
Continued 11
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