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Introduction 

On October 26, 1889, Prank Wigglesworth Clarke U889) 

read a paper before the Philosophical Society of Washington In 

which he outlined a research program that covers the contents 

of this paper. Clarke^B paper was the first of numerous follovjlng 

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

abundance of the chemical elements". It contained the following 

sentence: "An attempt was made in the course of this investigation 

to represent the relative abundances of the elements by a curve, 

taking their atomic weight for one set of ordinates* It was 

hoped that some sort of periodicity might be evident but no such 

regularity appeared." 

During the following fifty years Clarke and his 

co-worker, H* S. Washington, continued this line of research 

at the U. S. Geological Survey, ^eir classical work Is still 

considered to be one of the most valuable sources of geochemical 

knowledge* Since that time ©any scientists have attempted to 

find explanations for the abundance distribution of the elements 

or at least to find empirical rules which govern their nain 

featu2?e^. Huinerous suggestions have heen made in that direction 

most of which were too speculative to have Influenced further 

developmentE effectively. However, one observation based on the 

work of Clarke and WashJjigton proved to be of fundamental importance 

3.n m^iy fields of science. It was that expressed by Markings rule 
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which states that the elements with even atomic nurabers are more 

abundant in nature than those with odd ones. 

Clarke and Washington have based their work primarily 

on the composition of the earth's crust. As time passed 

it became more 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 Ctold3chmidt*s (1937) classical paper which served as the 

basis of practically all the more recent work in this field. 

When in I889 Clarke was looking for periodicities 

in the relative abundance of the elements, he expected to find 

some connection with the periodic table. With sin increasing 

knowledge of the abundances of the elements, the discovery of 

isotopes, and the determinations of the isotopic composition of the 

elements lar was 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 their isotopes reflected 

nuclear piroperties and that the matter surrounding us bore signs 

of representing the ash of a cosmic nuclear fire in which it was 

created, 

In 19^8 one of us (H.B.S.) attempted to prove this conclusively. 

He showed that there was an empirical and quantitative correlation 

of the isotopic composition of an element with its cosmic 

abundance which could not be explained in any other way than by 



assuming some kind of a correlation of nuclear properties with 

the distribution of the nuclear abundances. In the meantiriie 

considerable 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 complete theory of the 

formation of the elements. Such theories have been formulated by 

various authors. Attempts were made to find an appropriate cosmo-

gonic model which would lead in a reasonable way to an understanding 

of the formation of the nuclear species in ratios of their abundances 

in nature, these attempts have been successful insofar as they 

made it possible to understand in a qualitative way the existence 

of the heavier nuclei and their relative amounts. Hone of these 

theories, however, can account for the details in the abundance 

distribution ajnd for the more quantitative features in the over

all picture of nuclear abundances. 

Independent of any theory of the origin of the universe, 

one may try to find indications for the nature of the last nuclear 

reaction that took place Just before the present abundance dis

tribution was finally established. Ctolng bacfcvjards 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 for an explanation of the 

course of events. Ho attempt will be made to do this. However, 
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attention will be drawn to any evidence which might serve as a 

basis for future work along these lines and some tentative 

suggestions which may be helpful for further work will be 

included. 

f ?^^g3 for the Relative Abundance of Nuclides 

All species of stable nuclei occur In nature. Their 

relative abundance, however, shows a variation by a factor of the 

order of lO-'-̂ , Harklns (1917) was the first to attempt a systematic 

classification of the stable nuclear species or nuclides 

based upon our knowledge of atomic number as a proper 

designation of an element and of the Isotopes as the ultimate 

constituents of these elements, and Harkins* rules represent 

important regularities in the abundances of the nuclides. 

Mattauch introduced additional rules. Such rules are now in 

general understood in teiras of binding energies, in particular 

from the point of view of the nuclear shell model as discovered 

and developed by Mayer ( 1 9 ^ , 19*^9) and by Baxel, Jensen and 

Suess {19^*9). 

In a previous paper (Suess, 19^7) certain rules regarding 

the abundances of the stable nuclides were presented as follows: 

(1) Odd mass number nuclides: The abundances of odd mass numbered 

nuclear species with A>'v50 change steadily with the mass number» 

When Isobars 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 
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elements with A> 90, the sums of the abundances of the Isobars 

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

the legions with A<90, the abundances of the nuclear species with 

equal numbers of excess neutrons change steadily with the mass 

f number. 

(5) In the region of the lighter elements 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 neutis>ns is the least 

abundant one. 

(4) Exceptions to these rules occur at mass numbers where the 

number^of pjcotono oy of neutrons have certain values, the so-called 

magic numbers. 

From the empirical side, the subject owes most to the 

careful and extensive work of Qoldsehiaidt and his coworkers. 

Goldschmidt»s classical work of 1937 is still a most valuable 

source of information and those who have studied the subject 

since lean heavily on his Judgement in regard to relative 

abundances of the elements. A posthumus book (195^) makes this 

work more available» Ida and Walter Noddack (1930» 1931* 1934) 

contributed additional data which is critically evaluated by 

Goldschtiidt. In using meteoritic abundances there is always the 

problem of a proper average of the elements as they occur in the 

stones and irons and in the silicate phases, the trollite phase 

(FeS) and the metal phase. Qoldschmidt 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 objects 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 slderophile elements. Urey and Craig (1953) found two 

prominent groups of chondritic meteorites which are in fact two 

of Prior*s groups (1916, 1920) derived by other criteria. Wlik 

(1955) has analysed a number of meteorites using the most modem 

methods of analysis and has confirmed the existence of these two 

groups. Ttieae 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 
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of cosmic matter available to us. It is obvious that the surface 

rocks of the earth do not constitute such a sample regardless of 

any mettiod 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 

evidence Indicating the loss of elements f3?om the earth or meteorites 

except in the case of elements which form compounds which are 

volatile at ordinary terrestrial temperatures. (See Urey 1954b) 

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 again 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 reliable and probably will never have such a 

sample. Hence we must consider all atomic abundsuices 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 cosmic 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 
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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 gi»adual and regular manner. 

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

the abundances of isotopes should similarly 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 this paper that the relative abundances of all isotopic 

species are meaningful and not the result of "chance" variations. 

This assumption 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 is the case. We 

do not pretend to fully understand the regularities and irregularities 

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 this curve in an irregular way. 

For the most part we believe that this is 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 

displaced over most of the mass range by nearly a constant amount 

relative to each other when properly interpreted. 

The following is a discussion of the elements with respect 
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to their abundance values and of adopted values of these abundances 

consistent with the above rules. The discussion is based 

essentially on Qoldschmidt»s empirical values together with 

new data which ha«^ appeared in the literature since then.. 

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

of the chondrites in preference to other averages, is used rather 

than other tables. Urey only showed that the chondrites did give 

a reasonable table of abundances. It is the object of this 

paper to estimate on the basis of observed regularities v/hat 

the cosmic abundances are. 

£tapirical 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 of 

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 (195I) gives an upper 

limit for the H/D ratio in the sim of 6 x 10^. Greenstein and 

Richardson (I951) find that the abundance of lithium in the sun 

is very low but not zero. It is difficult to secure precise and 

reliable values for the abundances of all elements in the sun 

because of the very involved dependence of the intensities of 



10 

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 similar 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, it will 

be assumed that all sources are sufficiently similar so that 

numerical values can be compared. 

The proportions of the elements in the earth's crust 

have obviously been modified in several ways. During the process 

of formation^the earth lost most of the most volatile elements, 

hydrogen, the inert gases, carbon as CHw, nitrogen as NH3 or Ng, 

oxygen as HgO, 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 partial 

melting and crystallization processes and a loss of the 

slde3?ophile and chalcophile elements to the deep interior. 

Erosion by water has further differentiated the surface regions. 

It is exceedingly difficult to estimate in any reliable way 

what the mean composition of the surface region of the earth 

is, yet there are some data of use to the present study. 

It is generally assumed that meteoritic matter, since the 

time it formed from solar material, has undergone less chemical 

fractionation than any terrestrial material found on the surface of 

the earth. The type of fractionation that is recognizable in 
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meteorites may be separated into three main phases: the metal 

phase» the sulfide phase, and the silicate phased. Accordingly, 

Ck>ldschmidt divided all chemical elements into three groups: the 

slderophile, the chalcophile, and the lithophile elements, depending 

1 upon the meteoritic phase in which the elements were found to be 

enriched. This 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 Cioldschmidt 

assumed that the elements were distributed in these three 

phases in equilibrium proportions. If equilibrium was established 

the proportions of the elements should be constant in all samples 

of these phases and this is 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 If 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 equilibrium 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 believe 

that this assumption is Justified. In fact the amounts of the 

elements in these trollite nodules in the iron meteorites can 

probably be neglected in any avei^ge 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 arises from our ignorance of the relative 

amounts of the three meteoritic main phases. The meteorites 

reaching the earth's surface cannot serve as a basis for an 

estimate 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 
Persman (1934) 20 • 4 100 
Qoldschmidt (1937) 20 10 100 
H. Brown (I949) 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 (I95O) for the mass of Mercury leads 

to a density for Mercury of about 5 and this indicates that it 

contains a higher proportion of metallic iron than the earth. 

Urey (1951» 1952 c) 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 preferentially. 

Hence, the ratio of core to mantle of the earth cannot serve 

aa a basis for an estimate of the respective cosmic ratios. 

Urey, from his considerations of the thermodynamics involved 

in the chemical processes leading to the formation 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 for the iron fraction is even 

smaJ er than that of Qoldschmidt, 

His 

assumption of the lower value for li*on has been confirmed by a new 

measurement of the f-value of iron obtained by a new and precise 

method by Kopfermann and Weasel (1951), whose new value is about 

one third of that previously accepted. Urey derived his 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 all the abundance values necessary. 

The empirical data are given in Table 2-. 

Recently on the basis 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 which obviously have 

occurred, then other elements must have been concentrated in some 

degree and still others must have been decreased in cojricentrationo 

In this paper abundances of elements have been modified from the 

meteoritic analytical data in accordance with these ideas. In 

fact abundance curves seem to be more regular as a result of such 

procedures. 

Our decision to use such data was strongly 

influenced by advice from Frofessoẑ s Goldberg and Aller in 

connection with their studies on solar and other stellar abundances. 

The application of these arguments to individual elements will be 

discussed under each element and the method •sfliili be discussed 

when the potassium abundance 1B considered in detail. 

Limits of error 



15 

Qoldberg and Brown (195O) have shown that rhenium is about 

130 times more abundant and that lead is 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 worlc with that of others shows that, in general, data compiled 

by these authors should not be accepted uncritically. In many 

cases no other data are available and Qoldschmidt has used their 

values considering, however, possible sources of error in their 

determinations. 

As will be evident from the detailed discussion under 

individual elements, there are serious sources of error In all 

data available. The data published in the last twenty years 

and particularly since the war seem to be generally much more 

reliable than that published previously. Even certain data of 

such a reliable Investigator as V. M. Qoldschmidt have been 

shown to be seriously in error, as for example 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 in our choice 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 tliat many reported analytical data 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 

choices in some cases are Justified. We can say categorically 

that if some of these choices are incorrect, then our fundamental 

assumption of considerable 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 

10 . Qoldschmidt used silicon equal to 100 and Brown changed 

this to 10000. We use 10^ 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<. 

Ihe cosmic abundance ratio of hydrogen to helium has been 

studied by astronomers for many years. UtasSld in his classical 

study on the atmosphere of T Scorpii found this ratio to be 

7.2 and others following his method of calculation have reported 

similar values. [See Aller (1953) for a review of this data.] 

He assumed one value for the temperature and one value for the 

electron pressure throu^out the atmosphere of the star. Recently 

Underhill (1951) has used a model atmosphere with varying temperature 

and pressure for the 0 9.5 star 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, TSco, 

S Cet, 7 Peg and ^Her from their hydrogen spectra and give 

an average value of I7.7 for this ratio with little variation 

between their values for these stars. Aller (1953) reports 

that his most recent studies give a similar value. Traving (1955) 

has made a model atmosphere calculation for this ratio in t 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 appreciably. 

For the ratio of hydrogen to the metals we take the 

geometric mean of Unsold's (1948) and Claas» (1951) values 

normalized to magnesium equal to 6.I5. We find better agreement 

between the astronomical values when normalized to our magnesium 

value thsai when normalized to silicon equal to 6.00. The 

astronomical values for silicon seem to be too low as compared to 

Na, Mg, Al, Ca and Fe. 5his gives 10.56 for log Hg as compared to 

10.54 (Unsaid) and 10,58 (Claas) for this quantity. The abundance 

of deuterium relative to protium in meteorites has been found to 

be about the same as on earth by Boato (1954) and Edwards (19553-)' 

Deuterium is much less abundant in the sun than on the earth. We 

shall use 7OOO as the H/D ratio which is slightly larger than the 

terrestrial ratio of 65OO. The isotopic abundance of He' in 

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 Qreenstein and Richardson (195I), 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 instability at high stellar temperatures and their 

possible thermonuclear reactions with protons. Such reactions 

may have occurred toward the end of the processes by which the 

elements were made. 

The analyses of igneous rocks and of meteorites for these 

elements are summarized by Qoldschmidt (1937)» He gives for 

the atomic ratios of Li and Be in the llthosphere and in silicate 

meteorites relative to Si equal to 10"s 

Li Be 
Llthosphere 900 67 

Silicate meteorites 100 20 

Both are concentrated to some extent by the fusion pî ocesses 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 cosmic 

abundances. However, because of the uncertainty of analyses, no 

corrections have been made. Qoldschmidt estimates the atomic 

abundance of boron as 28. Its abundance in the earth's surface 

is complicated by its appreciable concentrations In the sediments 

and ocean waters. 
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Carbon, Nitrogen, Oxygen, and Neon 

Our knowledge of the abundance of these elements is 

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 excite them to higher energy levels of the neutral 

atoms or to Ionize 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 

7 X 10^® atoms cm" as compared with 0.3 and 1.0 x 10^^ atoms cm" 

for carbon and nitrogen, respectively. Mlnnaert (1953) summarizes 

the work of lfeis31d (1948), Claas (1951) and Hunnaerts (1950) on 

the sun and Aller (1953) gives a summary of all stellar data. 

We will select the Unsold data for C and N in the sun and the geo

metric average of the Uns51d and Claas data for 0 in the sun, 

all normalized to log I ^ equal to 6.15. Very good agreement 

between their data for Na, Mg, Al, Ca and Fe and our selected 

values for the elements is 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 of the abundances 

of Ne^^, Ne^^, Mi^ , and Mg^^ fall 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 0 
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as occurs at other points in the abundance-mass numljer curves. 

We are disposed to suggest that neon is considerably less 

abundant than osiygen, and have taken its abundance as 0.4 that 

of oxygen. A maximum in abundance at N15 with 8 neutrons is 

indicated with a mlniumum in the curve at P-̂ .̂ Since the 

abundance of fluorine is not well known, this minimum might be 

at 0̂ "̂  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 (I951) on the terrestrial distribution reports 100 ppm 

in pyroxenes and peridotites and increasing amounts in the more 

acidic rocks with an average in the llthosphere 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 O.I85 t>y 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, Qoldschmidt (1937) reviewed the older 

fitfialyses as did Brown and Patterson (1947) but the most recent 

and extensive review of the older analyses have been made by Urey 
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and Craig (1953)- The latter authors selected 94 superior analyses 

of chondrites from 350 analyses and gave specific reasons for their 

selection. Tlie abundances so secured did not differ markedly 

from the table of Qoldschmidt. They showed that two rather well 

defined groups of chondrites existed 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 

more 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. This leads to a low 

abundance of iron which is very much in accord with the most 

recent astronomical data. We shall take the abundances 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 Keams (1952) who secured 0.09Ĵ  as the correct 

analytical value for potassium in chondritic meteorites, Edwards 

and Urey (1955) hy 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 I8.5 percent by weight in 

primitive nonvolatile solar material. Ihis is one fourth of its 

reported abundance. We use this somewhat larger factor because 

Urey's (1955) calculations indicate that his choice of radio

active elements is somewhat too high for reasons which he 

discusses. Also, the somewhat lower abundance gives 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 lov;er value for 

potassium requires that other abundances by adjusted if we are to 

be consistent. It seems likely that the melting processes which 

produced the silicate minerals produced the fractionation of 

potassium, uranium and thorium, and in this case the abundances of 

all elements which are markedly concentrated 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 earth*s crust and in 

the meteorites. Potassium makes up 2.6 percent of the earth's 

surface rocks and only O.O9 percent of the meteorites. Also, 

analyses of ultramafic rocks show that potassium is very low in 

these rocks. Ross, Poster and Myers (1954) analysed olivine bombs 

from basaltic lava flows and found low values for sodium and 

potassium and Edwards (1955h) 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 an6. 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, 

'nius, we must expect that the analytical amounts of sodium, 

aluminum and calcium in meteorites are also too high and that 

magnesium is too low, though by smaller factors than is true of 

potassium. Also titanium may be somewhat too high and chromium too 

low. Our selected values for the abundances of the elements are 

based on the meteoritic abundances adjusted somewhat in accord 

with these arguments. 

Some ratios of concentrations in the earth's crust and 

meteorites are given in Table 4. 

TABLE 4 

Element Ratio ^ 

Na 2.83/0.7 » 4 -0,1 
Mg 2.1/16 » 1/7.6 +0.183 
Al 8.13/1.42 = 5.7 -0.12 
Si 28.89/21.20 » 1.35 0.00 
F '̂ 1 0.00 
S ? 
CI ? 
K 2,6/0,09 = 29 -0,607 
Ca 3.63/1.73 » 2.1 0.00 
Sc -̂ 1 +0,38* 
Tl 0,44/0,076 « 5-8 -0.38* 
¥ -Jl 0.00 
Cr '>̂ 400/3300 «l/8.2 -K).28 
Mn '̂ 1 0.00 

* "nie unusual choice 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. Escplanations for this are given 

later in this paper. 

Magnesium is a particularly Interesting element in this 

connection. It is a popular idea that the mantle of the earth 

is mostly dunite which consists mainly of magnesium and ferrous 

orthosillcates, MggSiO|̂  and FepSiOî . With an atomic abundance 

of magnesium only O.9 that of silicon, as indicated by the analyses 

of the chondritic meteorites and the addition of some ferrous 

iron, the metasilicates of magnesium and ferrous iron should 

make up the earth's mantle. Our changed abundance of magnesium 

would peimiit the formation of much orthosilicate if the mantle 

consists of such material. Hess (1955)» on the basis of the 

probable composition of the earth*s mantle, suggests a ratio of 

magnesium to silicon of 4/3. We have used 1.4 for this ratio, 

which is about I.5 times the observed ratio in meteorites. 

Phosphorus, sulfur and chlorine 

The analyses for phosphorus seem to be consistent and 

satisfactory. Phosphorus is not markedly concentrated in 

the earth's surface. We use the meteoritic value. 

The silicon-sulfur ratio is an important datum, since 

the sulfur exists in a separate phase as iron sulfide and many 

elements dissolve in this phase. Qoldschmidt's estimate for 

sulfur is much less than the astronomical values though the 
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astrrafiomical values depend on data which are very difficult to interprets Urey 

gives a smaller value than Goldschmidto Sudi values are probably in error 

on the loir side since iron sulfide would be reduced by hydrogen at moderate 

teraperatures* i« s. the nelting point of iron and loner, and hence sulfur was 
* 

probably partly lost as Ix̂ drogen sulfide during the formation of the niat«»oz*iteso 

Since sulfur exists in the carbon c<»i)pounds of the carbonaceous chondritic 

msteorites, as shotm by Uueller (1^2) the element nay have escaped in such com

pounds during the fonoation of the solar systemo We have selected a value 

between the astronomical estimates and the iBsteorlte valueo A loner sulfur 

value would nake it very difficult to select a satisfactory selenlTim value 

compared to other elements near it in the periodic table and at the same tine 

not deviate unduly fjpom ths observed sulfur-seleniTim ratiOo 

Chlorine abundances have been extensively studied recently hy Behne 

(19^3) and Salpeter (19^2)« The former of these studied many terrestrial 

igneous and sedimentair rocks and a few iBBteorites and the latter analysed a 

considerabls number of meteoriteso The two sets of values are in disagreement 

generallyo Behne secured some 100 ppm in two chondrites ax^ the average of 

Salpeter'3 chondritic values is 840 pnmo 

Selevanov (1940) reports 100 ppm for on© ohondrite,, Urey (1^2a) used the 

Noddack's value of 470 R)mo Some of the iron meteorites contain small amcnsnts 

of chlorideso Mueller (1952) has shosm that the organic con^xmnds of the 

earbonaceot^ chondrites contain appreciable amounts of chlorine su^esting the 

possibility of loss of this element throu^ volatile compounds as discussed by 

Urey (195Ua). We have used tte 660 ppm value as a compromise in view of the 

tincertainties of tte situatlon„ 



26o 

The heavier rare gases^ 

Bie rare gases with the exception of helium are not observed in the 

sun because of Its low temperature and their lo^ abundanceo Neon ai^ argon 

have been observed in 0 typo stars and planetazy nebulae. The data are reviewed 

by IJnsftld (1948) and by Aller (1953) o Certainly the probable limits of error 

are very large because the observed lin^s are those of the ions sad it is difficult 

to estimate the conditions of excitation with sufficient accuracy to secure 

the abundances within better than a factor of 10 with certalntyo 

The ratios of the rare gases in the atmosphere are well known<» From 

these ratios one may dertve some valuable conclusions indetjendent 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 meansj that the ratio of 

krypton to xenon must be equal or lai^er in solar matter than ^n the atmosphere. 

The same will be true for the ratio of argon to krypton or neon to argonp 

exclusive of the A^ isotope c This seems to be an absolutely safe statement 

as no chemical or physical process is known by which the heavier gas would e^ape 

more readily then the lighter one. Terrestrial heliuiri and A^^ must be radiogenic 

and hence cannot te included in any ax-gurasnt of this kindo 

The astronomical values for the abundances of argon and dilorine in planetary 

nebulae are much higher than those expected from siiiple interpolaticn for argon 

and chlorine fron the values for neighboring elements in the meteorites» If the 

astrontanical values are used for thR graphic presentation sf nuclear abundsuxesj, 

on® ctotains a most remarkable feature, namely a sharp rise in the odd and eren 

3iass abundances curves at masses 35 a M 36 foU^red by a p̂ 'ecipitarit fall to lower 

abundances through masses Cl^'s K^^, !r* s Ca^3 in one eurve and through A^j, 
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Ca**®, Ca in the other curve» There seems to be no physical reason to expect 

stidi a behavior of these curves o Also it is difficult to luiderstand such a very 

lairge loss of chlorine from the earth and meteorites on the basis of its chemical 

properties (Uirey, 1952b) o Ife conclude that this interpretation is incorrect 

and interpolate A ^ and A smootlily between sulfixr and calcium and use the 

: dilorine value discussed above. TSiis dhoice indicates our feeling of uncertainty 

in regard to astronomical values for other elements such as Cj» N« 0, F, Ne, and 

S» The krypton - xenon ratio adopted is the atmospheric ratio of 12«,5 in 

agreement with the postulate made above« The xenon value determines the 

uncertain tellurium abundance o 

Caleiumy scandium and titaniume 

Calcium haa been determined in the meteorites with high precision and is 

only moderately concentrated in the surface rocks of the earth<, We use the 

Urey and Craig value of 53?600o The concentrations of scandium in the meteorites 

as determinwi by Pinson, Ahrens and Franck of 6 ppm is essentially the value 

given by Qoldschmidt o This element is more concentrated in the more basic 

rockso (See Rankacsa and Sahama (1950) po 516 for a suiiRiary of the data«) 

Russell has called our attention to the fact that the lines of scandium are 

much more intense In the sun's spectrum than aire those of gallium^ in spite of 

the greater intrinsic intensity of the gallium lines* It is difficult to 

seetzre any marked difference in scadium and gallium abundances unless seadium 

has a higher abundance than that indicated hy the analytical data on msteoriteso 

We assume that scandiifin is deoleted in the meteorites and take its abundance as 

48 instead of 20 a& the meteoritic data indicate3» 

Titanium has been determined with excellent precision for many years» 

Urey and Craig's average is 0o066^o Wiik (1955) has made very recent and care

fully ccmtrolle^ analyses on a number of mostly carbonaceous ̂ ondrltes and tfmcliides that 
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the amount is very constant near Oc075^o The elBssnt is concentrated in the 

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

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

or the Wiik value of 25006 This lower titanlian abundance is used after many attempts 

to adjust the zir^Kiium and hafhium values to their nei^boring elements and 

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

titanium. The loner value of titanium seems to be the most plausible adjustment 

that we have been able to make* It may well be that some other choice will be 

more correct as better analjrses become available o 

Vanadium, chromium and manganese e 

Analyses for these three elements seem to be good aiKi hance the choice 

of abundances is not a problerao Chromitoa is depleted in the earth's surface 

regions by a factor of about 8o2 relative to the meteoriteso Hence we use a 

slightly higher value for chromium than the meteoritic value, nanwly, lo8l7 

X 10** instead of 1»15 x 10***̂  We tse the meteoritic values for vanadium and 

manganeseo 

Important ratios of elemental abiaidanceso 

The titsniuift-BijroonluiB-hafnium ratios appear to be well establlshed« The 

evidence indicates that the ratios ere nearly the same in meteorites and 

terrestrial soiDrces» Goldsnhmidt gave about 20 fosr the Ti / Zr ratio and 

about 50 for the Zr / Hf ratio by weight in both sources» Pinson, Ahrens 

end Franck (1953) find 33 PPm for Zr in chondritesjand Wiik (1955) finds 06075/S 

for Ti, i. ec a ratio of 22o7o We shall use this value and take the atomic 

Zr abundanoBS as lA3 of ouj' titanium abundaneeo 

The Zr / Hf ratio depends on the extensive investigation of Keva^ and 

WQrst-lin (1928, 193li) on the abuMance of hafnium in zirconium fptm many 

souzHseso Their values for 2r in the Pultusk and Waconda msteorltes differ 
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isarkBdly froia those of Pinson, Ahrens, and Franck (1953)© There is some 

considerable prcibable e3fror in the datae Throu^ the kindness of DTO SO QO 

English, we have learned of many recent analyses of zirconium minerals for 

hafnium made by the U. So Bureau of Mineso The average of sixty ei^t 

analyses is 2o37 percent of hafhium relative to zirconium and hafnitsno This 

is a somewhat higher abundance of hafnium than Qoldschmidt gave* It is not 

possible to decide whether there is a definite concentration of hafnium 

relative to zirconium in the process of formation of these minerals but 

a few saiî les (which were not included in the average) do contain much higher 

concentrations of hafnium* We use ^^ for this weight ratio and 110 for the 

ratio of atomic abundanceso 

Qoldschmidt gave the terrestrial ratio of S / Se as 6000 and the meteoritic ratio 

as 3300 by weights Since then Byers (1938) has analysed a nasSyer of meteorites 

inclining several chondriteso Two of tlisso latter were Allegan and Tabory, 

which acre observed falls while the others which he used are f Indso The selenium 

was reported as 13 and 10 ppm in these two meteorites and less in other 

chondriteso He also determined the sulfur - selenium ratio in troiJlte from. 

Canyon Diablo as hZlS by weight and thus intermediate between Qoldschmidt *s 

valueso If we use GoMschmidt's ratio and our sulfur value we secure 1*2o3 

whereas Byer^s data gives 2lto2 for the atcroic abundaneeo Because of the 

differences in stabilities of H^S and H.Se and of the carbon compounds of the 

two elements, it is not probable that selenium would be lost as readily aa sulfuTo 

We have selected 37c 7 as our abundance of seleniums More data on this ratio 

are needed, but we conclude that the abundance of So may be less, but hardly 

more, than otir value« The data on tellurium are most uncertain and we must 

interpolate a value for this elementc 

The ratio of chlorine to brcMoine is probablly more reliable than the bromine 
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valueso This ratio is 300 hy weight in sea water© Selivanov(19U0) (See 

Bankama aid Sahaiaa (1950 p« 760) reported values ranging f̂ ram 100 to nearly 

300 for ttm ratio In terrestrial rockSo Behne (1953) gives values for this 

ratio which rary greatly in different igneous rockSo We wei^t the oceanic 

value very heavily, Behne generally finds lower values for chlorine than we 

have tisedo Our ratio of 500 for the atomic abundances equivalent to 220 for 

the weight ratio is taken as a mean of the data on this ratiOo The oceanic 

value for iodine is valueless because iodine is used by living organisms and 

hence is probably depleted in the sea as compared to the sedimentso 

The ratio of potassi\m to rubidium has been extensively investigated in 

recent yearso Ahrens, Pinson and Keams (1952) found a ratio of 100 by welghto 

Edwards and Urey (1955) secured a value of 180 on a few samples of meteoriteso 

Herz(% and Pinson (1955) find that a levisicm of this ratio to ̂ out 200 seems 

llkelyo The ratio is very comparable to the chloriite-bromine ratiOo Using 

our potassium abundance this gives lolO ppm* which is lower than the reported 

valueso 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 

otter very closely in nature« We u ^ the somewhat higher value of lo22 

ppm or an atooitlc abundance of 2ol8c, 

However, we believe that there 

2a a nlninsum in the curve in tills region on the low mass side of the neutron 

nunfcer 50 just aa there is on the low mass side of the region of neutron 

nunber 82 and aod our curve is similar to that previously given by Suess (19U9)o 

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

Co, Pd, Au, and Oa in U5 iron tasteoriteso As stated previously the content 

of gallium varies markedly a3ad thei*e is sane slight correlation with palladium 

contento Their ratio of nickel to palladium is the most reliable value for this 
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ratio, namely 2.2^ x 10^ by weight. With our nickel value this gives 

O085O for the palladium abundance. Qoldschmidt gave 2.5 for this value. 

Qoldschmidt*8 assumption of a higher proportion of metallic phase 

increased his value. Using 10 per cent of the metallic phase and 

neglecting the trollite phase, his value becomes 0.9 ppm which is 

only slightly larger than our selected value. The Ni-Au ratio is 

also given by the studies of Qoldberg et al and this fixes the 

position 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 krjrpton to xenon by atoms la 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 

consistent with this ratio. 

Copper, Zinc, Gallium, Germanium, Arsenic, Krypton, Strontium, Ytterbium 

Within reasonable estimates of the errors in the reported 

abundances of elements from Pe to Zr, it is possible to secure a 

smooth curve for the odd mass elements of this region. The pairs 

of Isotopes of Cu, Qa, and Br define the slope at three points. The 

general position of the curve is fixed by the Br and Rb abundances. 

"Bie Cu content of meteorites varies within surprisingly large 

limits. Qoldschmidt 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 Wllk Indicate 
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greater constancy in the copper data for chondritic meteorites. 

Our choice of 228 for the atomic abundance results from a consideration 

of his data. 

Zinc in meteorites is typically chalcophile and is concentrated 

in the sulfide phase. Qoldschmidt's selection of data would require 

zinc to be less abundant than copper, which would be a surprising 

result. Uns51d»s value based on three lines in the solar spectrum 

is more than ten times higher than Qoldschmidt's estimate of 36O 

for the atomic abundeuice. We use 486 in order to secure smooth 

abundance curves In this region. This value is surely within the 

errors of the analytical data. 

Qallium has been studied in the iron meteorites by QoldbeiTg, 

Uchiyama and Brown (I951) who found three groups of iron meteorites 

having quite distinctly different contents of gallitua, namely, 60, 20 

and 2 ppm, respectively. Ko satisfactory explanation of this variation 

has been given. These abundances are puzzling particularly since gallium 

is 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. We use 14.6 for this 
to 

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 studies of Qoldschmidt and Peters (1933a) on the 

germanium content of meteorites gave a meaui of 79 ppm in their average 

of the silicate, trollite and metallic phases. The germanium 

(See insert page 32) 
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was found mostly in the metallic phase. We are assuming considerably 

less iron in our average and less in the metallic phase than did 
73 Qoldschmidt, In order to place Qe on our smooth odd 
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mass curve we natst assun® about 25 ppm of gexrouiium or an atomic abundance 

of 51 instead of aoWschmidt»s 188 for this quantityo There is considerable 

reason to believe that the germanium, tin and lead values selected by Qoldschmidt 

are all too high as will be evident when tin and lead are discussed* 

A recent value of Sar^ell (1955) for arsenic of 2.2 ppm in chondritic 

meteorites or an atomic abundance of UoO seems to be very reliableo This is 

an average of Jh chondritic meteoriteso The Moddadc's (193U) values are much 

too hlgho Tteir value together with our values for selenium, bromine and 

7U 
rubidium -will not give a snooth curve for the odd mass elements. Oe Is 

more abundant than the neighboring even mass nuclides whose masses are 

divisible by fours All nuclides from 0 to mass 68 whose nasses are 

divisible by four a3?e either more abundant than their neighbors or the 

inflections of the curve indicate that they are preferredo It may be that 

75 
this iiregularlty appears in the odd mass curve at As c We use an abundance 

of 3o2 instead of U.O and avoid the irregularity in ttie curve., 

PiTison, Ahrens and Franck (1953) have recently determined strontiimi 1» 

metecRPites by improved techniques and report an average of 11 ppmo This element 

is highly coneentâ ated at the earth's surface, 100 to U60 ppm having been 

repoartedo (See Rankama and Sahama (15>50) p. it53 for a summary of data.) 

Strontium is increased in the earth's crust to a smaller degree than bsyrium 

axid to a greater degree than calciumo We lower the observed value of strontium 

by a factor of 1,5B or 0«2 in the logarithm, and barium by Oo68 in order to 

correct for the concentration effects This gives 12,lfor the atomic abundance 

of strontiumo Oar calcium value is the unchanged meteoritic abundaneeo 

The abundances of yttrium and the rare earths are ijifficult to estimateo 

The concentrations of yttrium in acidic and basic rocks are much the same, and 
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we tise Qoldschmidt*s value of 5 PPm in meteorites and an atomic abundance of 8a9 

(See Rankama and Sahama (1^0 pp. 510 aisi 5l6 for a sreview of the data). 

The curves in this region indicate a slight maximum at bromine and a minlmim 

before the magic number nuclides at N equal to 50« T!te minimun could be eliminated 

if the factors of k for the rubldiiaa data and of 1«58 for the strontium data were 

not applied. Howeverj^ as stated above, we believe the minumum is real aid similar 

to that preceding -the magic number nuclides at N equal to 82. We also believe that 

the gallium and selenium values might be lower but not higher and hence that the 

sli^t irregulaxdty of the curve is justified on the basis of present evidence. 

Zirconium through tin. 

The fundamental nickel-palladium ratio previously discussed fixe.^ the abtaiKianee 

of palladium. The value so determined fits smoothly -wilh the determination of 

Kuroda and Sandell (195U) for molybdenum of a ms an of 1.5^ ppm in the chondrites and 

a corresponding atomic abundance of 2.U2* This new analytical value is about half of 

the older value (Noddack & Noddack 1930, 1931) o The decreasing abundances of the Zr 

isotopes shews that there is a rapid decrease in abundances after neutron number 

50o The even mass nuclides of the even atomic number elements Ru, Pd, Cd and Sn can 

be fitted to a snK>oth curve of abundance versus mass number and at the same time & 

reasonably smooth curve for the odd mass nuclides can be constinwted. Tte ratios 

of ruthenium, rhoditsn and palladium are not well known. Qoldschmidt estiiates the 

ratios as 10 t 5 < 9. We have adopted atomic abundances of l«l49a 0.22li, and Oe850, 

making our ratios 10 ? lohh t 5«7o These give a smooth curve and we believe our 

values are within present limits of error, though they differ considarift>!ly firom 

Qoldschmidt *s ratios. For cadmium we use an atonic abu»iance of 1.36 as compared to the 
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Noddack*s value of 1.86 for the chondritic raeteoriteso This makes our ainc to 

cadmium atcmie ratio equal to about 360 instead of Qoldschmidt* s estimate of 

160. Better analytical data for this element is needed badlye 

The meteorite analjrses by GoMschraidt and Peters (1933b) and Qoldschmidt (1937) 

gave lOOp 15 and 5 PPm of tin in the metal trollite and silicate phases. Using 

metal : trollite t silicate in the ratio of 10 : 5 : 85 would give about 15 Ppa 

and an atomic aburdance of 19. The Noddacks (193U) give 50 for the atomic 

abundance. Instead of these we have used an abundance of 2a65o The use of 

Qoldschmidt's or -fee Noddacks* value would give an irregularity in the curve with 

respect to 1̂ .1 nai^boring elements on idie basis of present knowledge. We 

conclude that the smalytical data for this element are incorrect by a lai^ 

factor. Tin is an elê nent which is extensively used in laboratory equipment as 

solder, block tin stills for distilled water, etc. Dr. M. Fleischer advises 

us that tin is often reoorted too high in silicate materials because of the use 

of soldered sieves for separating crushed sanpleSo 

Niobium was determined by Rankama in chondritic meteorites as 0«.5 Ppm 

eqiilvalent to an atomic abundance of O.dl. This value is close to our adopted 

value of loOOo Tha silver value adopted here is much lower than indicated 

by analytical data. Qoldschmidt selected a value of 3.2 for the abandance 

on the basis of his own and the Noddacks* data. We find that we must us© Qa^^g 

if silver is to lie on our odd mass curve. Mr. Joensuu advises us that much 

analytical data on small aiMunts of silver is incorrect because of the ease 

of excitation of its resonance lines, and because of the presence of silver coins 

in the pockets and hands of analystso Also, this chalcophile element nsay be 

reported too high partly because it is reoorted in high concentrations in 
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trollite nodules from iron meteorites. Its 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 sensitivity believed to 

be able to detect about 0.02 ppm. Our inteî polated value of 0.193 

corresponds to 0.15 PP® In chondritic meteoritic matter. It is 

difficult to understand Shaw's very low values unless the large 

anount 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 d^/g s*iell should be filled 

first at neutron number 56. We can see no irregularity in abundances 

at this neutron number. 

It is evident that it would be highly desirable to secure more 

modem analytical data for the elements from zirconium to tin. Between 

mass ntunbers 99 and 123 inclusive five pairs of isotopes of odd mass 

numbers occur with a maximum abundance ratio of 1.34, ioe» Sb^^l ^Q 

Sb^^5. Our values are selected on the assumption that the ratios 

of abundances of nuclides that are not Isotopic pairs should have 

similar values. 

Selenium, Tellurium, Iodine, Xenon, Cesium,and Barium 

The analytical data on the first five of these elements 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. Qoldschmidt states 

that the selenium-tellurium ratio, based on data by the 

Noddacks (1934), "may perhaps" give the right 03?der of 

magnitude, and he estimated it 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 is either 12.5 or greater, and we are assuming the 

maximum possible value for xenon. The unusual abundances 

of its odd mass isotopes and their 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). Kiis gives an atomic abundance 

of 8.8. Our selected value of 1.83 is thus much lower. 

Barium is concentrated in the earth's surface regions to 

as high or even a higher degree than potassium, and hence 

the reduction in the observed abundance is Justified to 

some extent. We would prefer to use a higher abundance, 

but, then if the smooth curve in the rare nuclides of Sn 

to Ce (See Pig. 1) is to be preserved, a higher abundance 

of xenon and tellurium would be required. This in turn 



requires a higher abundance of krypton. 

We have been unable to 

completely resolve our uncertainties on these points. 

It is impressive, however, that the uncertainties 

with respect to these relative abundances amount only 

to a factor of I.25 or 1.5. Our strontium to barium 

ratio is 6,6, 

The odd mass isotopes of these even atomic 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 

Pellenberg*s (1927) data lead to an average of I.25 

ppm for iodine, 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*B values (1926) for Igneous rocks. In fact 

all OU3? adapted halogen values are comparable to those 

for igneous rocks. Our interpolated cesium abundance is 

equivalent to 0,20 ppm, whereas the Noddack*s (1930, 

1934) have given two values, 0.01 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 a value which fits on the odd mass curve with the 

break in the abundance curve occurring at mass 121. The value so secured, 

nam8ly0(J493 anci eciuivalent to 0.39 ppm, is near the Noddack value, providing 

the trollite data aĵ e ignored on the assumption that analyses on the trollite 

from the metallic meteorites give values which are much too high for the sulfide 

phases in average chondritic raeteorlteso 

It is evident that the observational data for this range are very few in 

nuntoer and of doubtful quality. Our selected values may be extensively revised 

as new data becomes available, though we expect that the general shape of our 

curves are likely to remain. 

The raare earth elements, hafniiim, tantalum and wolfram. 

As pointed crxt above., the relative abundances of the rare earth elements 

have been used as an arguiaent for the existence of the given abtuidance rules. 

The rare eaarth elements have chemical properties so similar that any major 

separation of these elements from each other seems to be improbable in any 

kind of cosmochemical process. Hence, the analytical data for meteorites 

should give the relative abundances of these elenents relative to each other 

•with great reliability. Furthermore, it seems improbable that even on the 

surface of tte earth these elements have been separated fi*om one another by 

a large factor5 except in certain types of minerals, and except that aecoMing 

to Goldscteidt and Bauer (Quoted by Qoldschmidt (1937) europitan has a tendency 

to separate from ttie other rare Qsrth. elements and to follow strontium and lead 

in its geochemical behavior. Minami (1935), in Qoldschmidt* a institute, 

carried out a complete analysis of terrestrial sediments for the rare earth 

elementso He found that in sediments europium does not show any abnormal 

abundance, and therefore, concluded that these sediments contaitwcl the rare 

earth elements in a ratio corresponding to that of the average at the earth's 

sus'facec. 
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The analyses of meteorites carried out by Ida Noddack (1935) 

lead to values considerably different from those given by Minami 

for terrestrial sediments. The ratio of La to the heavier rare 

earth elements, such as Er, Yb, etc., is about 8 times larger in 

Minami»s values for the sediments than in those of Noddack*s for 

the meteorites. It seems difficult to believe 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*3 values for the abundances of the rare earth elements 

relative to each other in terrestrial sediments have been tenta

tively assumed here to give a closer approximation to the truth 

than the value given by Noddack. Qoldschmidt (1937), Brown (1949) 

and Urey (1958) 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 ai'bitrarlly so as to secure what appears to the 

writers to be a reasonable interpolation to the lower and higher 

mean abundances. Our values certainly lie within i^asonable 

limits of error of the data. 

Considerable concentration of the group has occurred in 

the more acidic rocks and hence a somewhat lower value for 

lanthanum 
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than that given by Noddack (1955) is Justified. The abundances 

are adjusted only slightly from Minami's values in order to 

secure smoother curves. Table 5 compares the obsejrved and 

selected values both normalized to our lanthanum value. 

TABLE 5 

La cat/ Pr Nd Sm Eu 
Minami«s abundances 1.00 2.46 0.295 1»25 0.215 0.052 
Our abundances 1.00 1.13 0.20 0.72 0.324 0.093 

Qd Tb Dy Ho Er Tm 
Minami»s abundances 0.31 0.043 0.21 0.052 0.11 0.0084 
Our abundances 0.34 0.048 0.28 0,059 0,l6 0.0159 

Yb Lu 
Minami*8 abundances 0.12 0.032 
Our abundances 0,11 0.025 

The most serious disagreement occurs in the case of cerium. The 

discrepancies are surely within the observational errors, but 

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

The abundance of hafnium was taken as 

A/ 1/110 that of zirconium, as discussed 

above, Rankama (1944, 1948} gives the maximum amount of tantalum in 

meteorites as 0.38 ppm^ equivalent to an atomic abundance of 0<.52. 

We have adopted the smaller value of O.036 by interpolation. 

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

value is probable. 

It seems certain that the earlier analytical data on wolfram 
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are much too high according to Sandell (1946) and Landergren (1948). 

Results of the Noddacks (1930, 1931) and by Hevesey and Hobble 

(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 is no analytical 

datum for wolfram in meteorites. We have Interpolated a value 

of 0.35 corresponding to 0.42 ppm. This interpolated value is 

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

Rhenium, osmium, iridium, platinum, gold 

Brown and Ctoldberg (1949) have determined rhenium in the 

five iron meteorites by the neutron activation method and find 

amounts varying from 0,25 to 1.45 ppm and an average of 0.62 ppm, 

Assiuning that mean meteoritic matter would contain some 10^ of 

metal phase this indicates about 0,062 ppm for this element, ^ e 

thermodynamic properties of rhenium and its compounds are nearly 

unknown^ but descriptive discussions of its chemical properties 

would suggest the possibility of some chalcophile as ̂ êll as 

the proven slderophile character. Our selected atomic abundance 

of 0.155 is 2.5 times the value estimated from the iron phase 

alone. 

Qoldschmidt (1938) estimated osmium^ iridium, and platinum 

in ppm as follows; 

Atomic 
Metal Trollite Average Abundance 

Os 8 9 0.8 0.64 
Ir 4 0o4 0.4 0.31 
Pt 20 2 2.0 1,5 
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The average is secured by assuming lOĴ  metal, neglecting the trollite 

phase, which was from iron meteorites, and assuming that these 

elements are not present in the silicate fraction and its trollite. 

Our adopted atomic abundances are 1.00, 0,82 and 1,62 for Os, 

Ir, £ind Ft, respectively. Qoldschmidt*s estimates are certainly 

approximate, and the agreement is satisfactory. Data on these 

elements, of the precision of the Goldbergs Uchiyama and Brown 

(1951) data for Pd and Au would be highly desirable. The even and 

odd mass curves, if they are smooth and if their slopes are 

given by the isotopic abundances of Re^°^ and Re^"*^, Os^^7 and 

Os-'-"̂  ^ and Ir^^l and Ir °^ for the odd mass curve and mostly of 

the Os^^^ and Os^90^ and Pt"^^^, Pt̂ ^̂ ^ and Pt"*"̂  for the even 

mass curve, must lie close together and have maxima at m.-isse8 

193 and 194. These maxima are similar to those in tha neighbor

hood of mass number 130. 

We use Goldberg, Uchiyama and Brown's (1951) data for the 

nickel-gold ratio in order to fix the atomic abundance of gold. 

These analytical data have a rather wide spread of values for this 

ratio with an average value of 5.8 x 10** by weight. Their palladium-

gold ratios are more nearly constant. With our nickel abundance 

this gives 0,145 ^or the atomic abundance. 

Mercury, thallium, lead, bismuth, uranium and thorium 

Mercury is a volatile element which may have bean partly lost 

from the meteorites. Also it is so prevalent in all ehemlcal 

laboratories that all analyses are suspect. The Noddacks (1934) 
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reported it in Canyon Diablo trollite. We interpolate our mercury 

value at an atomic abundance of O.O318. 

The Noddack's give 0,15 PpnJ for thallium in the silicate phase 

of meteorites, but Shaw (1952) was unable to detect its presence 

in two chondrites and one achondrite and this indicates em abundance 

of <0.01 ppm. Shaw's extensive studies establish the mean 

abundance of thallium in igneous rocks as 1.3 ppm. Ihis 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 Tl^-^ and 

T1^^5 shall lie on a smooth curve with our Pb̂ *̂̂  and Bi ^, we 

take the thallium atomic abundance as 0.0112 corresponding to 

0,013 ppm. If we take the solar value for thallium in nonvolatile 

material as 1/100 of Shaw'fs 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 25O. We are unable to 

explain Shaw's v̂ ery low observed values unless the high iron content, 

interferes with his analyses. If thallium is 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 assumed value muliiplied by the factor of about 4 should be 

the amount of thallium in the chondritic meteorites. 

Fairly high values for lead in meteorites were reported by 

Qoldschmidt and the Noddacks in all phases of meteorites. Today 
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these data all appear to be doubtful, because Brown and his co

workers have shown that lead is 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 atmospheric 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 natui'al lead abundance. We shall 

use other arguments in ord«ir to secure a value for lead. 

Patterson et al (1955) have determined the isotopic composltf.on 

of lead from Canyon Diablo and Henbury iron meteorites and found 

their lead compositions to be nearly identical, and to contain the 

lowest amounts of radiogenic leads, Pb^®^, Pb^^^ and Pb^ ", 

relative to Pb̂ *̂ ^ of any natural leads so far studied. They 

believe that this is primeval lead of 4,5 x 10^ years ago, 

Patterson (1955) has isolated lead from terrestrial basalts 

and chondritic meteorites auid has determined the isotopic 

composition. Subtracting the amounts of Pb^^^, Pb̂ *̂ ", and Pb^°° 

relative to Pb^^^, taken as unity of the iron meteorites from the; 

amounts of these isotopes in the basalts and chondrites, they 

secure the relative amounts of these isotopes which are the 

product of radioactive decomposition of U^^°, 0^35 and Th ̂  

respectively. Without knowing the amounts of uranium and thorium 

the age of the leads can be calculated from the Pb^^^ to ?b^^7 ratio. 



45 

The age so calculated is 4.5 x 10^ years both for the basalts 

and chondrites. Wasserburg and Hayden (1955) secure essentially 

the same age for chondrites from the K^-A^ ratio. The identity 

of the ages for the basalts and chondrites has been puzzling, 

since they have had very different histories. This Identity must 

mean that uranium and lead accompany each other rather closely in 

differentiation processes and, specifically, since uranium and 

thorium have been concentrated markedly in terrestrial surface 

rocks, lead must be so concentrated as well. Also, if uranium 

and thorium have been concentrated in the meteorites by a factor 

of 3,2 as Urey has argued, then lead must ha^e 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 is the time since the Canyon Diablo and Henbury meteorites 

became separated from uranium and thorium and no other age is 

involved. Particularly^ the data determines nothing a,bout the 

tirae of formation of the earth's core, for in order to determine 

this a sample of the core lead would be needed. 

Sandell and QoIdrich (1943) have detenained the amounts of 

lead in basic and acidic rocks and found average values cf 9 

and 19 ppm, respectively, Sahama (1945) found from 9 to 27 ppm 

in granites. These are modem analyses and we believe they are 

reliable. Patterson's valued 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, 2,6j6, to its amount in the chondrites, 0.09Ji, 

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 is concentrated along 

with potassium, uranium and thorium in melting processes, and is 

apparently lithophile in character and not chalcophile BO far 

as these processes arc concerned. Rankama and Sahama (1950, P, 97 

ff) discuss this character of lead. 

Xn view of the above argtmient 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 al 
(195O) 

value for uranium in the Beddegelert meteorite. It is nearly all 

u238. Since the half life of u258ig 4,51 x lo9 years, the amount 

of U^^^ <ieccmposed in 4.5 x 10^ years is 0,0332 ppm. This 

produced 0,0287 ppm of Pb^^". Patterson*s estimate of the amounts 

of radiogenic leads produced in 4.5 x 10^ years relative to Pb^^^ 

are given in the first line of Table 6. This is the average of th ; 

Forest City and Modoc meteorites. The 9,87 of Pb^^" is relative 

to pb^O^ is equivalent to the 0,0287 ppm given above. In the 

second line are Patterson's values of Csutiyon Diablo lead which 

is presumed to be primeval lead« By simple proportion we calculate 
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the atomic abundances of the other lead isotopes assuming that the 

Canyon Diablo lead has the primitive composition suid list these 

in the third and fourth lines of the table. The values secured 

are more approximate than Indicated. 

TABLE 6 

p^204 Bfe206 pfe207 pfeSOS 
Average radiogenic lead (1) 9"8? 5-50 9.14 
Canyon Diablo lead 1 9,50 10.36 29.49 
Solar abundances of primeval 0.00288 0.0276 O.O303 O.O867 

lead, ppm 
Atomic abundances of 0,00214 0.0203 0.0222 O.O631 

primeval lead 

If Patterson's lead isotope ratios for Nuovo Laredo had been 

used instead of those of Modoc and Forest City our lead abundances 

would be lower and there is no certainty that chondritic 

meteorites will not be found with lead isotopic ratios giving 

higher abundances of primeval lead, Urey^s estimate for uranium 

depends on the heat balance of the earth, moon and Ms,rs and 

cannot change much due to futu2?e uranium determinations unless 

his arguments are shown to be incorrect. 

The Noddacks give 0.144 for the atomic abundance of 

bismuth. Its geochemical distribution has not been carefully 

studied. We adopt the somev/hat smaller value of 0,08, which with 

Pb^7 and our choice of thallium gives a smooth curve connecting 

the odd mass nuclides. Mostly the older analytical values for 

rare elements are too high and hence this lower value may be 

Justified, 
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We adopt values for u235, u^^° and Th^^^ by calculating 

the amounts of these nuclides at 4.5 x lO^years ago from Urey's 

(1955) estimate of their present concentrations. The values so 

secured are 0^0121, 0.0423 and O.O858, respectively. These are 

minimum values for the abundances when the elements were first 

synthesized, since this time was probably more than 4-5 x 10^ 

years ago. 

If we do not decrease the observed uranium and thorium 

abundauices by a factor of 302 as required by Urey's argument, 

the Pb, Tl, Bi and Hg abundances must all be raised by this 

factor. We believe that the observed data on BI and Hg are 

not good enough to give any weight to any possible decision in 

regard to this question. Since thallium is concentrated at the 

earth's surface, its 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 

required for the production of all Pb^^^ from U^^^. The ratio of 

lead to uranium in a sample of material in which this ratio has not 

changed since the formation of the elements gives the necessary 

data for a valid calculation. By using the Patterson et al. (1955) 

data on Forest City, Modoc, Canyon Diablo and Henbury meteorites 

for the lead abundances, we have the necessary data. The time 

calculated from this data to produce the Pb^7 of the Iron 

meteorites is 1,07 x 10^ years and this gives 5»57 x lo9 as the 
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maximum age of the elements. 

If some Pb̂ *-*7 was produced by the processes which produced 

the elements J, the age is less than this. If the age is 5.2 x lO-' 

years, that Is one half life of U^^5 earlier than the age of the 

meteorites, the abundances of the lead Isotopes become 0,0101, 

0.0153, and 0.0600 for Pb 207, pb^O^^ and Pb^^^, respectively. 

The logarithms of these are 0.004-2, 0.177-2 and 0.778-2. Taking 

the mean of the logarithms for Pb and Pb^^° and subtracting 

that for Pb̂ '"̂  gives 0.47 as the difference between the odd and 

even mass curves. This difference as we have drawn the curves 

is 0.20 and hence it would be necessaî y to lower Bi209 and the 

thallium points by about 0.27 in order to secure a smooth curve. 

The data of these elements is hardly sufficiently certain to 

exclude this possibility. 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 numberSj It 

seems likely that the elements were synthesized more than 

5,2 X 10^ years ago. This estimate does not depend on the 

absolute values of the abundances of lead and uranium, but only on 

their 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 handp 

from the absence of conspicuous amounts of Xe-̂ ^̂  and the known half 

life of Î 9̂ in meteorites, Suess and Brown (I951) conclude that 
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the elements were formed at least 3 x 109 years before the 

meteorites. We conclude that the elements of our solar system 

originated 5-0 t 0.2 x 10^ years ago. 



lYoblems of interpreting the imclaar abundance distribution 

Theories of the origin of the eletitents 

The nuclear abundance distribution as derivfxi from the discussion above, 

supplies a basis for comparison of empirical data with the various theories of 

the origin of the nuclear specieSo No such comparison will be given here, 

and the reader is referred to thrcaexcellent review articles by Alpher and 

^Herman (1950/1953) on the theory of the origin and relative abtmdance 

distribution of the elements dealing with this subject, in which sone IBO 

papers are critically discussed- It is shown there that none of the existing 

theories can account for all of the empirical facts, even in a crude way© 

Hence, It seems hopeless 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 pairticular through assun^xtions regarding secondary and subsequent reactions, 

may load to a satisfactory agreement. We hope that tl» following discussion will 

be helpful for the study of the nature of such reactions» 

ISie nuclear abundance values obtained in the way described above differ 

in son© mass regions quite noticeably frcwi orevlous estimates (Suess 19U9). 

A comparison, howe^^r, of figure I with the corresponding figure published 

previously shows that the main features of the abundance distribution have 

been retaii»do TI»se features are essentially independent of the choice of the 

element abundance and constitute well-defined probleraSi, which will be discussed 

in the followingo This discussion will not be a complets one, and it will be left 

to the reader to detect many more features in figure 1 "srtiich might ssrve as evidence 

for or against the prevailing of a certain mechanism of element forraationo 

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

lighter (A<90) and heavier (A > 90) nucleio In the lower A region the line 
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for the sum of isobaric abundances £c^ the even A soecias has a zigzag-shaped 

irregular appearance and the abundance values depend strongly on the neutron 

excess nunber* At mass numbers where two stable isobars exist, the one with the 

smaller neutron excess has the higher nuclear abundance in the light mass reglono 

Going to higher mass nunfcers the curves for the sum of the isobaric abundances 

get more and more regular and the isobars with t^e higher neutron excess become the 

more abundant oneso 

(toe may try to uMerstand this difference by considering two types of 

nuclear reactionst 

(1) A reaction leading to the f ornation of nuclear species an the neutron-

rich si da of the energy valleyo This reaction predominated at higher mass 

nuiri)er3 and yielded a "smoothed out" abundance distribution. 

(2) A reaction leading to nuclei on the neutron-deficient side of the energy 

valleyo This zeaetion predominated and led to the "fine structxure" in the abundance 

distribution of the lower mass regiono 

It is feasible to assxme that reaction (1) was a "neutron capture, build up''̂ , 

that is 0?:^) followed by p-deesQr, as postulated by the neutron capture theoryo 

No theory has yet been 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 nunftjer has to be expected from 

any theory in which very high temperatures (kP >* 1 Mev) are postulated for 

the transmutation of nuclei of one given nass nunfijer into those of another mass 

number» In the case of a very high temnerature, not only the ground state but SLLS-: 

many excited states will be involved in the reactions so that the effect <tf an abrupt 

change of a property of the ground states (for instance at a magic number) will b® 
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"smeared out" as a result of th" participating excited stateSo The same will be true 

if the reactions leading to changes in mass ntunber take place in the regions of the 

beta unstable nuclei on the slopes of the energy valley, as is assumei in the neutron 

capture theory of the formation of the elements (Alpher and Herman, 1950, 195l» 1953)o 

The sum rule of isobar abundances 

In the A 100 region the isobar irlth the highest neutron excess, is almost 

always the most abundant one- The abundance of the isobar with the lower neutron 

excess, the so called "shielded" isobar is only of a comparable magnitude, if 

this isobar has a considerably greater binding energy than the unshielded oneo 

In most of these cases the value for the sum of the abx\ndanc9 of the two isobars 

agrees with an interoolated value between the valxsss of the unshielded isobar 

existing at the aaes nuitbers A - 2 and k 4- 2o 

The distribution gives tha impression, as if, in this mass range, the shielded 

nuclei have formed fi'om their shielding isobars after the mass distribution 

was established6 It can be shown, however, that such transmutation can not 

have occtjrred by tro sob^qtient /S" decays froa a thermally excited levelc On© 

can show this by considering the isobaric pair Tn*^e.Sn^^ for which the following 

information is available: Ratio of abundance IrT^/Sr^^ = 10o5o Excited level 

in In^^^ J 0o335 Mev » E*o Half life on this state: 4o5 hourso Partial half life 

for the beta decay of this state 70 hourso Spins of In^^ in the excited and 

noonnal states are 9/2 and -|« The mnriber of In^^ nuclei in the excited state, 

N*, at a temperature T will be N* W « g/g* jj e '^ From the above experimental 

data one finds that natural indium cannot liave been at a temrieratu3?e T for more 

with k T eacpresaad in M®Va 
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This means that the In^^^ in natuire cannot have been subject to a higher 

temperature then about 0.3 Mev a k'V for more then a few days, or else a larger 

iwoportion of the nuclei of mass ll5 "would be present in the form of Sn ^o 

By comparing this result with available data on excited states one finds that it 

is not possible to account for "Wie abundance of the shielded nuclear species 

by assuming beta decay from thermally excited levels hi^er than the ground state 

of the intermediate odd-odd isobar- According to the neutron capture theory, 

shielded nuclei will f oi*m in the later stage of the neutaran build up when the 

rate of the neutron capture processes becĉ ies smaller than the average rate 

of beta decay, so that the build up takes place in the stable nuclei regiono 

They will then form from sufficiently long lived or stable odd A nuclei by 

(?p^) and subsequi&nt beta decay of iisB odd-odd nucleic These abundances, 

however, cannot recdily be expected to follow the pattern required hy the sua 

rules-

Light isotopes in the higher mass region 

The neutron capture theory dcBS not account for the existence of the 

t3rpe of shielded nuclei that have a lower binding energy than their shielding 

isobars and are on the p side of the energy valley. The abundance of these 

species is in general about ten times sraallar than that of the energetically 

favoured type of shielded nuclideso Their abundance is not correlated with their 

relative binding enex^ieso One can inomediately see this from the fact that 

in a number of elenents the abundance of th«i lightest isotope is higher than that 

of the second lightesto This is the ease for Mo, Hu, Cd, Sn, Xe, and BEO 

In the case of Ce and Ry the lightest isotope is only slightly less abundant 

than the second liglitesto The lightest isotqpe, of course, always has a smaller 
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binding energy than the second lightesto 

The most remarkable feature in the abundance distribution of these raider 

nuclides is, that, for wide ranges of mass numbers, their abundance values as a 

function of A seem to follow a law of "smoothness" of their own- In particular 

the abundances of Sn^^, Sn^^, Te^°, Xe''^^, Xe^^, Ba^°, 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 O^side of the energy valley 

in the region of the tuistabls neutron-deficient nuclear species, in a way that 

led to a "sBJOothed out" distribution of the stable species- Possibly, awcondary 

spallaticn processes may have led to the formation of these nuclides in the 

required proporticnso 

Magic nuEfeer effects in the higher mass i^gion 

Elsasaer (1933, 193k) was the first physicist who noticed that the abundance 

of nuclear species containing certain nujrfcers of neutrons or protons is excoptioneliy 

lai^e- Theae numbers, the so called "magic nurabers" ai^: 

2, 8, 20, 28, 50, 82^ 126 » 

They belong to two different arithmetical aeries: 

(1) 2, 8, 20, UO, 70, 112 » - - - -

(2) 2, 6, lii, 28, 50, 82, 126 -

The first series is significant at lower mass nunbersj, whil© the second 

series prodoainatea at mass nuiribers greater than kOo Magic number affects are 

rum well understood in terms of a shell structure of the nucleuso (Mayer and 

Jensen, 1955) 

A nagic nuiriber is signified by the sudden drop in the binding energy of the 

next nucleono Thti binding energy of the next nucleonj, however, is also a function 
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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 ain?3le 

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 Sierman (1950) have shown that the neutron capture cross section 

of nuclei containing a magic number of neutrons is exceptionally small- This 

expeidnental result has been taken as strong evidence atDeaking In favor of the 

neutron capture theory of the origin of the elements, because in this theory 

the high cosmic abuiKiances of the magic neutron nuclei follow from the low 

neutron caoture cross sections in a very satisfactory way- 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 nuclear abundances when going to hi^er mass numbers. If the neutron 

build-up takes place in tte region of the neutron-rich & unstable nuclei, 

the maximum to be expected will be flattened out and be displaced toward lower 

mass nuniborso It is possible that the broad maxima in the abundance curves 

around mass number 130 and 19U are magic nuntoor effects of the shell closures at 

N equal to 82 and 126 fTcm a neutron build-up in the M - Z equal to 3U and 5U 

regions- 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 nay have piled up subsequent 1» the formation of the bulk of nuclei 

in this itfiss range-

It has not yet been possible to describe the kinetics of such reactions in 

a mocpe rigorous quantitative way and to find out what assumntions are necessary 

to explain the sharp minima arotuid A equal to 135 and 206 imnedlately proceeding 

the N equal to 82 and 126 shell closvres-
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In the corresponding region proceeding the shell closure at W equal to 

50 no conclusive indications of a similar pattern are found-

The data, however, indicate a small laaxiDBum for nuclei 

containing 50 neutrons and a minimum preeeeding that region- Our adopted values 

show this behaviour, although a more regular pattern may also be possible© 

A breaJc that cannot be smoothad out by any roeansj oscurs in the abundance 

curves at A equal to 120 and 121a The break, associated with a change in the char

acter of isotopic abundance distribution occurs at a point where the iranber of 

neutrons in Hie nuclei reaches 70o The break at this nui*er is \ms3qoected, but 

the conclusion seems inevitable that tte high spin of the rtsutrons in the 6 hii/2 

shell must in scans way t© connected wi.th this irregularityo At the corresoonding 

place for 112 neutrons a slight change in the character of tire abundance 

disti^bution mi^t be disscemed, butt a break in the abundance curves, which m5.^t 

possibly exist at A. equal to 186 and lfl7, can be smoothed out without difficulty© 

Probably the filling of the 7 1 x3/2 neutron shell begins l^fore the nuaiber of 

neutrons reaches 112-

Other irregularities in the hi^er mass range are less impressive and not 

as firmly established- Uncertainties in the relative abundamses of the rare 

oarth eleu^nts make it impoaalble to recognize in a quantitative way an irregulailty 

irtiich apparently exists in the A equal to 170 region, and to see what pattern 

may be correlated with the fact that the odd A hafniim isotopes do not show abun-

file:///ms3qoected


dance values f i t t i n g in to the trend of t t e odd A abundance c\u?ve. I t nay be 

noted tha t the sum rule i s not cljeyed a t amss nunfijer 176- I t might be tempting 

t o cor re la te the l©ng half l i f e of the na tura l ly occurring lai ' with t h i s 

ixregular i ty^ ba t no p laus ible season for sudfj a connection can be su^ea ted* 

Contrary t o current opinion no indicat ions as^ found in the abundance 

" d i s t r ibu t ioT for s f f e e t s , t h a t e&n in mi uianistakeable way he a t t r ibu ted t o 

proton ^ e l l closures© 

The 70 ^ A < 90 mass region 

Tnm what "waa said in the preeeeding paragraph cue i s led t o the ccmclusion 

t h a t in the A 7 90 region most of the nuclear iaattsMp mast have formed on the 

i:^utroT!-rieh side of ^ s energy va l ley and only & small f ract ion of about IjC 

on th® neutron-defi 'sient ^ s ide- In the following section i t w i l l ha shOEsa 

t ha t obvi®i£fly the spoosita i s t rue for t^ie region of the l i g h t e r elements with 

Ejass nrafisers ,kKlQ -^vkiBre the bulk of nuclear raa&ter caist have forced isi the 

form of neutr@e-»defloient 0 ac t ive nuclidese Prom t h i s i t seems reasonable t o 

susp3ct t ha t an interfflediate range of jfflss nurabers w i l l ex i s t s where the nuclei 

have foipsisd d i r e c t l y in the region of the stabl® nuclear species close t o t h s 

bottom QS tfjs ermrg^r valley© If^ for instanee on© assumes t h a t the f i n a l abundance 

d5.stribation sas determined by tha tsro opposite yeactionS discussed above, in 

m\oh s iray t h a t in si l a t e r stag© of the developn^nt tbs or® react ion ("nsutroR 

biiild up") predotainated in the higher s^ss r-sgion aisd tha reverse react ion in 

tha la^sv vi&ss regioBj, tlien tiffi abun-ia.nce in an intermediate tmss rauga should 

r e f l ac t equilibrium conditions t o a jgroater degree than those of any othar sa&ss 

r a i ^e - This» iadeed, seei^ t o be iiidieated hy t t e empirical abunsSanct© data-. 

TIsa oM A abuJidaneeEJ in t h s :-.=egion t.fcm A ©qual t o 5? t o 87 f i t in to a. 

SK.ooth ciarFSo T]^ ©v©n A sbimdsnsQSjj hoire-reTp shos? a strangely irr«!gular behavior 



and the sum rule of isobaric abundances is certainly not obeyed. Another kind 

of regularity, however, becones appa3»ent at once, if one connects the values for 

nuclei with the same neutron excess in figure 1- In this case smooth lines are 

obtained- In regions between shell closure tiie binding energy will be a smooth 

functiai of tte mass number for species with the same neutron excess and therefore 

the smoothness of this pattern can be taken as an indication of an intrinsic 

relationship of the binding energy and cosmic abundance of the nuclei in this 

mass rangeo 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 curnre does not clearly show any correlation 

of abundances with neutron excess is not isurprislng because the contribution 

of the p unstable isobars to the final abundances of ths stable spocies will 

be much larggffor odd laass nuifiiers than for even© Besides this, r,dLnor irregularities 

in ths odd A abundance cxirve may have been "smoothed out" when estimating the 

abundance values for the clemsntso 

Tha iron peak and the Icwrer mass region 

The nm value for the Fe to Si ratio, which is about one third of that 

previously assumed^ still leaves the abundance of Pe^ liirger than the sun of 

abundance of all other nuclear soecies with mass nurabers greater than hOo No 

property of the Pe' nucleus is known that could possibly exolain its predominance 

in natureo Po , however, is an isobar of the "double magic" tmstable Ni^^, 

which contains 28 protons and 28 neutronsc The expectation of a correlation of 

aburaiances islth nuclear properties loads inevitably to the conclusion that Ri' 

was the primeval nucleus from Tsftiich Fe haa forra3d and̂ , her«s©, that the nuclei 

of this nsss region had formed on the neutron deficient side of the energy valley. 

17"^l.a~I3ea"was first suggested by Oo Hessl in 19li6 to one of us, quoted as a 
"" private connmnioation in Suggs (191̂ 8) 
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The hjalf life of m , which decays by K-capture into Co (80d) has recently-

been found to be 6-5 days (Shel^ne and Stoughton (1952) and Worthington (1952))-

Hence the process leading to the excessive abundance of mass 56 cannot have taken 

longer than a few days« 

Together "Wil̂  Fe, the elements Cr, Ti, and Ca show an excessively h i ^ 

abundance of their Isotopes with the neutron excess of I equal to ii<> This 

may be taken as an indication, that -'n this tihola nasa range nuclei with zero 

neutron excess, i» e- (N = Z), had formed first and thereafter decayed into their 

I equal to k isobars o In general nuclei with N » Z seem to show higb»r binding 

energies than would correspond to a perfectly parabolic energy valley and this 
2/ 

makes ths high original abundance apnear plausible--- That the abundance 

distribution was actually established within less than a day is indicated by the 

half life of Fe^^ of 7o8 hours, which decays into Cr^^o 

Undoubtedly, magic nunfcer effects exist at N « 8, Ik and 20, although 

the uncertainties in the abundance values and the rapid change of abundances 

with mass number in this region makes the character of these effects sooewhat 

obscure- The enhanced abundance of the nuclei Mg and A-'" with I equal to 2 

indicates effects Srcm the shell closure at N equal to lU and 20, respectivolyo 

Harkin's rule and the abxindanees of odd A nuclei 

According to Mattauch's law, there is only one isobar stable at each odd 

mass numbero Tta»z« exists, however, for eadi odd mass nuidber greater than 32$ 

also at least one unstable isobar with & half life of xaare than a day, that 

is a half life loiig connparsd to the tiina in which the mass distribution was 

establishedo Cto'Tiouslr, at an odd mass number iinstable isdbars must have on the 

average contributed relatively more to the abundance of the stable species tiian 
2/ See Blatt and Weisskopf, Theor- Nuc- Phys- P- 2I4I ff- Theoretically the 
°" "aymetry" eneî jy leads to two parabulae crossing at N » Z« 
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at an even mass number- From this, one can understand the fact that the odd 4 

abundance curve is much more smoothed out than that for the even A species. 

Otherwise the difference in the abiujdancea of tbe even and odd nuclear species 

nay be only a qualitative nature o 

As expressed by Haricin's rule, there is alsT&ys one even A isobar at each 

mass number trith an abundance greater ttian the geometric mean of the respective 

odd A neighbor So The difference in the even and odd abundances, 1. e», the 

even odd effect of the abundances, decreases with increasing mass nutdbers and 

disappears for several mass numbers around A » 170 and 190o 

The even odd effect of the abundances, as expressed by Harkin's rule can 

not bo a sinple conaeqxience of the difference in the binding energies between 

the even and odd A nuclei, as was assuned for many years- The effect does 

not follow fron ttis neutron captmre theory of the formation of the aleaaents, but 

a nunber of refinomsitts and additional assun̂ ptions are possible which could 

explain the effect within the frame of this theory in a satisfactory way- For 

exainple, tt^ rate of the processes in a beta decay series is on the average 

SOTiewhat greater for odd than for even mass mudbers so that odd A si^cies formed 

on the neutron-rich slope of the energy valley will decay into speeies tdth a 

lower neutron exe«<3S somewhat faster ttian even species- The neutron capture 

cross section will depend on the r»utron excess and will at a given mass number 

be larger if the ntmtron excess is smaller so that odd A species will be transformed 

by neutron capture into even species of the i»xt higher mass ntjmber at a somewhat 

greater rate tlAti even species into add onas» 

"Hie discussion of the general picture of the abuniance distribution couM 

b« continued at much greater lengtho However, it is hope that the points mentioned 

here will eventiially lead to improvements of the theoretical basis and of the 

cosraalogic model which in ttim will facilitate an interpretation of empirical 

faatiures in the distribution of cosmic nuclear abiuidanee-



TABLE II 

6 Atomic Abundances of the Elements* Silicon « 1 x 10" 

Abundances according to: 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

H 

He 

U 

Be 

B 

C 

N 

0 

P 

We 

Na 

Mg 

Al 

Si 

P 

S 

01 

A 

K 

Ca 

Ctoldschmidt 

100 

20 

24 

1500 

4,42 X 10^ 

8,7 X 10^ 

8.8 X 10*̂  

1.0 X 10^ 

5.8 X 10^ 

1.14 X 10^ 

4000—6000 

6900 

5.71 X 10^ 

Brown 

3.5 X 

3.5 X 

8,0 X 

1.6 X 

2.2 X 

9000 

9.0 X 
2.4 X 

4.62 X 

8.87 X 

8.82 X 

1.0 X 

1.3 X 

3.5 X 

17,000 

1,3 X 
2.2 X 

6930 

6.7 X 

loio 

109 

10^ 

107 

107 

l^--
xo"̂  

X05 

xo-̂  

xo^ 

xo"* 

X05 

Xo5 

xo-̂  

Urey 
(revised) 

3.5 X 

3.5 X 

100 

16 

20 

8.0 X 

1.6 X 

2.2 X 

300 

5,10 X 

9.3 X 

8.2 X 

1.0 X 

7.5 X 

9.8 X 

2100 

3400 

5.6 X 

10^° 

109 

106 

io7 

107 

10^ 

105 

10^ 

10^ 

io3 

10^ 

10^ 

This paper 

3.62 X 10^° 

2.8 X 10^ 

100 

20 

24 

6,75 X 10^ 

1.41 X 10*̂  

2.5 X 10*̂  

1600 

1.0 X 10*̂  

4.00 X 10^ 

1.41 X 10^ 

6.31 X 10^ 

1.00 X 10^ 

7.06 X 10^ 

2.50 X 105 

2800 

1.12 X 105 

85^ 

5.36 X 10^ 



TABLE II 
continued 2 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

3^ 

35 

36 

37 

38 

39 

40 

41 

42 

44 

Sc 

Ti 

V 

Cr 

Mn 

Pe 

Co 

Ni 

Cu 

Zn 

Qa 

Oe 

As 

Se 

Br 

Kr 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Ru 

15 

4700 

130 

1.13 X 10^ 

6600 

8.9 X 10^ 

3500 

4.6 X 10^ 

460 

360 

19 

190 

18 

15 

^3 

6.8 

40 

9.7 

140 

6.9 

9.5 

3.6 

18 

2600 

250 

9.5 X 

7700 

1.83 X 

9900 

1.34 X 

460 

160 

65 

250 

480 

25 

42 

7. 

41 

10 

150 

0. 

19 

9. 

103 

106 

lo5 

1 

9 

3 

17 

1800 

150 

8.2 X 10^ 

6800 

7.091 X 105 

2300 

3.6 X 10^ 

420 

180 

10 

110 

4.0 

13 

49 ? 

6.7 

20 

9.7 

55 

0.7 

2.4 

2.1 

48 

1020 

380 

1.82 X 10^ 

7900 

6.084 X 10! 

1730 

2.7^ X 10^ 

228 

486 

14.5 

50.5 

3.2 

37.7 

5.76 

25.0 

2.18 

12.1 

8.9 

23.9 

1.00 

2.42 

1.49 



TABLE II 
continued 3 

45 Rh 

46 Pd 

^7 Ag 

48 Cd 

49 In 

50 Sn 

51 Sb 

52 Te 

53 I 

54 Xe 

55 Cs 

56 Ba 

57 La 

58 Ce 

59 Pr 

60 Nd 

62 Sm 

63 Eu 

64 Cki 

65 Tb 

66 Dy 

67 Ho 

68 Er 

69 Tm 

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 

3 ,5 

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 

0,29 

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 

3 .3 

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 

I 0 I 3 

0 ,20 

0 .72 

0.332 

0.0935 

0.342 

0.0478 

0.278 

0.059 

0.158 

0.0159 
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70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

8:. 

82 

8> 

90 

9ii 

Yb 

Lu 

Hf 

Ta 

W 

Re 

Os 

I r 

Pt 

Au 

Hg 

Tl 

Pb 

Bi 

Th 

U 

1.5 

o,m 
1.5 

0,^40 

14,5 

0 .12 

1.? 

0 .58 

2 .9 

0 ,27 

0 ,33 

0.17 

9.:. 

Q.ll 

0,^9 

0.il3 

1.5 

0,48 

0,7 

0.51 

17.0 

0.41 -

3»5 

1,4 

8c7 

0,82 

<2,0 

0.21 

0,02 

1.5 

0.48 

O0555 

0.26 

13.0 ? 

0<,07 

0,97 

0 ,31 

1.5 

0 . 2 1 

<0o006 

0 .11 

0 .52 

0 ,14 

0 .22 

0 ,067 

0.110 

0.0251 

0,219 

0.0363 

0.352 

0.135 

1,00 

00821 

1,625 

0.116 

0,0318 

0.0112 

O0IO8 

0,0794 

0.0856 

0.0542 

* Ooldschmidt*s values as given in the table have been modified 
BLightly by SuesB and by Urey in accordance with data which is 
now five years old. Urey's values are empirical data for the 
eliondritic meteo:»lt8S modified in accordance wita new analytical 
data discussed in the text but without adjustmenr, by factor's 
or about 3 or 4 i'or fractionation as applied to the data In the 
lastcoluom. The lead, thorlura, and uranium values given 
under Urey (reviaed) are for the present time while those in 
the last column are for a time 4<.5 x lO" years ajso. 



TABLE I I I 

Element A N I Log H H 

1 H 

2 He 

3 Li 

7 N 

8 0 

9 P 

10 Ne 

2 

4 

6 

iL 
1 

1 
2 

3 
4_ 

- 1 
0 

- 1 
0 

0 
1 

10,56 
10.56 
6.72 

9»^5 
<> 

9.45 

2.00 
0.87 
1-97 

3.62 X 10^^ 
3.62 X W ' ^ 
5.2 X 10^ 

2o8 X 10-

2 , 8 X 109 

100 
7 . 4 

92 ,6 

4 Be 9_ 3__ 1 lj!i30 20 

5 B 

6 C 

10 
11. 

12 

14 
15 

16 

Li 

20 
21 
22 

i 
6 
X 

i 
8 

if 

10 

10 
11 
12 

0 
1-

0 

0 

0 
1 
2 

1̂  

0 
1 
2 

1.38 
0.65 
1.29 

6.83 
6.82 
4.87 

7.15 
7.15 
4,71 

7.40 
7.40 
3.97 
4.71 

3.20 

7.00 
6.95 
4.48 
5,99 

24 
^ ,5 

19.5 

6.75 X 10^ 
6 ,67 X 10^ 
7 .4 X 10^ 

1,41 X lOj 
1.41 X 10*; 
5 .1 X 10^ 

2 ,5 X lOj 
2 .5 X 104 
9 .3 X jof 
5 , 1 X 10^ 

1600 

1,0 X lOl 
9.0 X 10° 
3.0 X 107 
9.7 X 10^ 
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11 Na 23 12 1 4.60 4,0 x lO'̂  

1.41 X 10§ 
1.11 X 10? 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Mg 

Al 

Si 

P 

S 

01 

A 

K 

Ca 

24 

i 
27 

28 
29 
W 

.3L 

32 
33 
3$ 
36 

^ 
^ 

36 
38 
40 

39 -w 
41 

40 
42 
• ^ m 
46 
48 

12 

li 
14 

14 
i5> 
16̂  

16 

16 
11. 
18 
20 

18 
•2'0" 

i8 
20 
22 

20 
-27 
22 

20 
22 
21 
24 
26 
28 

0 
1 

1 

0 
1 
2 

1 

0 
1 
2 
4 

1 
3 

0 
2 
4 

1 
2 

1. 

0 
2 
X 
4 
6 
8 

6,15 
6,04 
5-15. 
5,19 

4.80 

6.00 
5,96 
4.67 
4,49 

?<.85. 

5.40 
5-38 
3.27. 
4,02 
1.60 

3.46 
3-32. 
2,84 

5«05 
4.97 
4.26 
7 

2,93 
2,90 

0,01-1 
1,7T 

^.73 
4.72 
2,54 
1.84. 
3,06 
0.23 
1.98 

1,41 X 10? 
1755 X 10-̂  

6,3 X 10^ 

1,0 X 10? 

ft-
9o2 X 10^ 
4.7 X 10,̂  
»••••• .ill . — — — « ) 

3.1 X 10 -• 

706O 

2.5 X 105 

2,38 X 10^ 
10600 

40 
2300 

700 

5 1,12 X 10,, 
9,4 X 10' 
1.8 X 10'' 

85^ 

0,102 

53600 
51900 
343 
69.7 

1145"^ 

96 



21 

22 

23 

24 

25 

26 

27 

28 

29 

Sc 

Ti 

V 

Cr 

m. 

Pe 

Co 

Hi 

Cu 

i£5 

46 

50 
51 

50 
52 

?5. 

54 
56 

Ik 
51 

60 
61 
62 
64 

63 
65-

24 

24 
25 
'26 
27 
W 

27 
28 

26 
28 

30. 

28 
30 
^1 
3"? 

12 

30 
32 
33 
W 
36 

34 
35-

TABLE I I I 
Continued 3 

1 

2 
3 
•If 

4 
5 

2 
4 

i 
5. 

2 
4 

i 

2 
4 

1 
8 

5 
T 

1,68 

3 ,01 
1,91 
1.90 
1?78T 

1:74 

2.58 
0.00 
2 ,58 

4 ,26 
2,90 
4ol8 
3 ,24 
sTsar 

3.90 

5-78 
4 ,55 
5,75 
4 .14 
3,30 

3,24 

4 ,44 
4.27 
3.87 
2«>5? 
3.65 
2.50 

2,36 
2.20 

48 

1020 
81 

56 ,2 
§4,5' 

380 
1 

379 

18170 
800 

15200 
1730 

7900 

6 .084 X 105 
3,59 X l o j 
5.57 X 105 
1,34 X K r 
2000 

1730. 

27400 
18570 
7170 

340 
lOM" 

518 

228 

7tr.5 
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30 

51 

52 

33 

34 

35 

36 

Zn 

Qa 

Oe 

As 

Se 

Br 

Kr 

64 
66 

68 
70 

62. 
71 

70 
72 

H 
76 

75 

7^ 
76 

i 
80 
82 

81 

78 
80 
82 
81 
84 
86 

3it 
36 

i 
40 

^ 

38 
40 
41 
42 
44 

42 

40 
42 

44 
46 
48 

44 m 

42 
44 
46 
^ 
48 
50 

4 
6 

i 
10 

1 ± 

6 
8 
2. 

10 
12 

1 

6 
8 
3. 

10 
12 
14 

3. 
11 

6 
8 

10 
11 
12 
14 

2,69 
2.38 
2.13 
,l»3p 
1.90 
0 .53 

1,16 
0 ^ 
0 ,76 

1,70 
1.02 
1.14 
0 ,59 
1.27 
0.59 

Oo-^O 

1,57 
0 . 5 6 - 1 

0 ,54 
0 ,45 
0 .95 
1.27 
0 .52 

0 ,76 

0 ,45 

1,40 
0 .03 -2 
0 . 7 5 - 1 

0 .46 
QJ^^ 
a . 1 5 
0 ,64 

436 
238 
134 m 

3.4 

14,5 
M? 
^ • 7 7 

50 .5 
10,4 
13,8 

18.65 
3.87 

3 .2 

37,7 
0 .36 
3 ,44 
2 , ?3 
3,90 

18,83 
3«33 

5«76 
2 ,91 
2.B5 

25.0 
O.O85 
0 , 5 | 7 

R ^ 
14,26 
4 ,36 



37 Rb 

38 Sr 

39 Y 

40 Zr 

41 Nb 

42 Mo 

44 Ru 

p-
37. 

84 
86 

% 

48-
50 

46 
48 
9̂. 
50 

TABLE III 
Continued 

11-
11 

8 
10 
11 
12 

5 

0.34 
0.20 
0.77-1 

1.08 
0.83-2 
0,08 
O.93-.I 
1,00 

m. 

90 
3Li 
92 

96 

92 
94 

96 

98 
100 

30 11. o^2i 

50 
.51 
52 
54 
56 

52 

50 
52 

f 
55. 
56 
58 

52 
54 
'?'^. 
56 

f 
60 

10 
l i 
12 
14 
16 

11 

8 
10 
11 
12 

^ 
16 

8 
10 
11 
12 

^ 
16 

1,38 
1,09 
Q.43 
0.61 
0.62 
0.83-1 

0,00 

0.38 
0.56-1 
0.35-1 
0.58-1 
0,60-1 
0.37-1 
0,76-1 
0.37-1 

0.17 
0.93-2 
0,52-2 
0.28-1 
0.28-1 
Ot^jQ-l 
0,68-1 
0,43-1 

2 18 
39. 

OjL5i 

12 .1 
0.067 
1.193 
Oig§:9 
9.99 

8.9 

23.9 
12.3 

2 .68 
4 ,09 
4 .16 
0 ,67 

1,00 

2 .42 
0 .364 
0.226 
0.382 
WMT 
0.232 
0 , 5 ^ 
0,234 

1,49 
0.0846 
0 .0331 
O.lQl 
07 l89 
0 .253 
0 .467 
0.27*2 

45 Rh 103 31 15. O '33 - l 0 . 2 1 4 



TABLE III 
Continued 6 

46 Pd 
102 
104 

JLfl[5 
106 
108 
110 

56 
58 

"60 
62 
64 

10 
12 

14 
16 
18 

0 .93 -1 
0 .83-5 
0 .90-2 
0 ,28-1 
0.36-1 
0.36-1 
0,06-1 

0.850 
0,0068 
0,079 
Of 3.9a 
0.230 
0.227 
0.115 

^7 Ag 
u 
15. 

0 . 5 ^ - 1 
0 .25 -1 
0 . 2 5 - 1 

0 , 3 ^ 
0 .178 
07158" 

48 Cd 
106 
108 
110 
111 
112 
113 
114 
116 

60 
62 

68 

10 
12 
14 

20 

0 .13 
0 ,22-2 
0 . 0 8 - 2 
0 , 2 3 - 1 
0 , 2 4 - 1 
0 .51 -1 
0 , 2 3 - 1 
0 .59 -1 
0 , 0 2 - 1 

1.36 
0.0166 
0 .0121 
0.169 
0 ,175 
0 ,324 
0 ,168 
0 3 9 2 
0 .104 

49 I n 
113 64 15. 

12. 

0 , 2 8 - 1 
Q.90-3 
0 . 2 7 - 1 

0.193 
0,0080 
0.185"" 

50 Sn 
112 
114 
US 

m 
118 
iia 
120 
122 
124 

62 
64 
§5. 
§6 

i 
70 
72 
7^ 

12 
14 

18 
IS 
20 
22 
24 

0 .42 
0 . *^3-2 
0 .26-2 
Oi^ZiLl 
oT^Ti 
0 . 3 1 - 1 
0 . ^ - 1 
0 .36 -1 
0 . 9 4 - 1 
O. lO- l 
0 . 2 0 - 1 

2.65 
0,0268 
0,0180 

0,203 
07^32" 
0,230 
0756T 
0 .126 
0 .159 

51 Sb 
121 ZO 

Z2 
12. 
21 

0 . 6 9 - 1 
0 . 4 5 - 1 
0 . 3 2 - 1 

0 ,493 
0 ,282 
0 , 2 1 1 



52 

55 

5^ 

55 

56 

57 

58 

Te 

I 

Xe 

Cs 

Bn 

La 

Ce 

120 
122 
125 
124 
125 
126 
128 
150 

127 

124 
126 
128 
129 
130 151 
132 
154 
156 

133 

130 
132 
134 
135 
13b 
137 
135 

138 
159 

156 
158 
140 
142 

68 
70 
71 
72 
75 
74 
76 
78 

74 

70 
72 
74 

H 
77 
7H 
80 
82 

78 

74 
76 
78 

81 
H5 

81 
82 

78 
80 
82 
84 

TABLE III 
Continued 7 

16 
18 
19 
5cr 
21 
25 
24 
26 

21 

16 
18 
20 
21 22 

25 m 
26 
28 

23 

18 
20 
22 
25 

23 
^ 

24 
25 

20 
22 
24 
26 

0.51 
0.46-5 
O.Ql-2 
0.46-2 
O.I9-I 
0.56-1 
0.79-1 
0.02 
0.05 

0.60-1 

0.30 
0.28-3 
0.25-3 
0.58-2 
0.72-1 
0.91-2 
0.63-1 
0.73-1 
0.32-1 
0.25-1 

0.36-1 

0.26 
0.27-3 
0.25-3 
0.65-2 
0.08-1 
0.15-1 
0.32-1 
.0.12 

0.00 
0,95-4 
0-00 

0.05 
0,54-3 
0,45-3 
0.00 
0.10-1 

3.26 
0.002^ 
O.O805 
0.Q2Q0 
0.155 
0.220 

1.035 
1.117 

0o40 

2.00 
0.00190 
0.00176 
0.0382 
0.525 
?ruHii 
0.425 
xns39 
0,210 
0.179 

0.228 

1.83 
0.00185 
0.00178 
0.0443 
0.1206 
t r . l429 
0.2072 
IT?Tl 

1.00 
0.0009 
1.00 

1.15 
o!o0220 
0.00285 
1.00 
0.125 
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59 Pr 141 82 23 O.5O-I 0.20 

60 Nd 0.86-1 0.72 
22 0.29-1 0,195 
23 0.94-2 O.O878 
2IF 0.24-1 0.172 
25 0.78-2 0.0598 
26 O.O9-I 0.124 
28 0.61-2 0,0412 
30 0.61-2 0.0403 

64 Qd 

66 Dy 

142 
443 
144 

TW 
148 
150 

144 

^ 
149 
150 
152 
154 

82 
83 
84 

% 
88 
90 

82 

% 
87 
88 
90 
92 

62 Sm 0.52-1 0.332 
20 0.02-2 0.0104 
23 0^70-2 0.0500 
5 i r 0.57-2 DTW^ 
25 0.66-2 0.0460 
56 0.39-2 0,0246 
28 0.95-2 0.0884 
30 0.87-2 0.0748 

63 Eu 0.97-2 0.0935 
88 25 0.65-2 0.0446 
S 11 o:g§-2 gjyms' 

152 88 
154 90 
155 

157 93 

160 96 

65 Tb 112 2!L 

156 90 
158 92 
160 94 
161 95 
163 97 
I6q^ ^ 

24 
26 

i 
i 
32 

29 

24 
26 
28 
29 
30 
31 
32 

0 .53 -1 
0 .84 -4 
0 .87-5 
0 .70 -2 
0.85-2 
0 .73-2 
o-:93-2 
0 .87-2 

0 .68 -2 

0 . 4 4 - 1 
0 .16 -4 
0 .40 -4 
0 .80 -3 
0 .72 -2 
0.85-2 
0 .84-2 
0,85-5 

0.542 
0,000687 
0.00758 
0,0505 
0 .0704 
0.0557 
0:0847 
0.0746 

0,0478 

0.278 
0,000145 
0.000251 
0.00657 
0.0525 
0.0709 
0.0694 
0.0783 



67 Ho 

68 Er 

71 Lu 

72 Hf 

73 Ta 

74 W 

165 

162 
164 
166 
167 
166 
170 

98 

9^ 
98 

102 

TABLE III 
Continued 

35 

26 
28 
50 
51 
35 
54 

"9 

0.77-2 

0,20-1 
0,20-4 
0,57-3 
0.72-2 
0.58-2 
0.63-2 
0.35-2 

0.059 

0.158 
0.000158 
0.00237 
0.0520 
0.0385 
0.0425 
0.0224 

6^ Tm 162 100 31 0.20-2 0.0159 

70 Yb 
168 
170 m 
173 
174 
176 

^ 

174 
176 
177 
178 
179 

181 

180 
182 
183 
184 
186 

98 
100 
101 
102 
103 
104 
106 

104 
IC5 

102 
104 
105 
106 
107 
108 

108 

106 
108 
109 
II(J 
112 

28 
30 
31 
55 
35 
y^ 36 

55 
3W 

50 
52 
53 
3^ 
35 
3B 

35 

32 
34 
35 
56 
38 

0.04-1 
0.18-4 
0.52-3 
0.20-2 
0,58-2 
0.25-2 
o;54r5 
0.14-2 

0.40-2 
0.39-2 
0.81-4 

0.34-1 
0.60-4 
0.05-2 
0.61-2 
0.77-2 
0.48-2 
0.89-2 

0.56-2 

0.55-1 
0.64-4 
0.97-2 
0.70-2 
0.03-1 
0.00-1 

0.110 
0.00015 
0.00333 
0.0158 
0.0240 
0.0178 
0,0349 
0.0139 

0,0251 
0,0244 
O.OOO65 

0,219 
0,00059 
0.0115 
0,0405 
0,0593 
0,0502 
0,0776 

0,0363 

0,352 
0,00044 
0.0926 
0,0503 
0.108 
0,101 



75 Re 

76 OB 

77 Ir 

78 Pt 

79 Au 

80 Hg 

81 Tl 

T87 

184 
186 
187 
I8U 
189 
TW 
192^ 

191 
1^3 

190 
192 
194 
195 
T90 
198 

197 

196 
198 
199 
200 
201 
202 
204 

205 
50"5 

110 
112 

108 
110 
111 
TI5 
115 
114 
116 

114 
116 

112 
114 
116 
117 nn 
120 

118 

116 
118 

I5o 
121 
152 
124 

122 
l"5lf 

TABLE I ] CI 
C o n t i n u e d 10 

55 
57 

32 
54 
55 
3S 
57 
3H 
40 

57 s 
34 
56 
58 
39 
Q̂T 
42 

19 

36 
58 

^ 
41 
^ 
44 

4 1 
W5 

0.15-1 
0.70-2 
0.93-2 

0.00 
0.26-4 
0.20-2 
0.22-2 
0.12-1 
0.21-1 
0.42-1 
0.61-1 

0.91-1 
0.50-1 
0.70-1 

0.21 
0.00-4 
0.10-2 
0.75-1 
0.74-1 
0.62-1 
0.07-1 

0.16-1 

0.50-2 
0.71-5 
0.50-5 
0.75-2 
0.87-5 
0.62-3 
0.98-3 
0.34-5 

0.05-2 
0.52-3 
0.90-3 

0.135 
0.050i 
0.08^1 

1.00 
0.00018 
0.0159 
0.0164 
o-:i33 
0.161 
0.264 
0.410 

0.821 
0.316 
0.505 

1.625 
0.0001 
0.0127 
0.535 
0.548 
0.413 
0.117 

0.145, 

0.0318 
0.000051 
0.00319 
0.00539 
0.00735 
0.00421 
0,00946 
0.00218 

0.01125 
0.00352 
0.00793 



TABLE III 
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122 
124 

126 

142 

143 
lTf6 

40 
42 
45 m 

45 

52 

^ 

0.05-1 
0.55-3 
0.31-2 
0.35-2 
O:BO-5 

0.90-2 

0.93-2 

0.75-2 
0.08-2 
0.63-2 

0.108 
0.00214 
0.0203 
0.0222 
0.0631 

0.0794 

0.0856 

0.0542 
0.0120 
0o0422 
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