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Tl l E  SCIENCE O F  METEORITICS has.come 
to be looked upon in recent years as  a science 
of increasing importance, largely because of its 

recognized bearing upon astrophysical problems. In  
particular, i t  now appears likely that a n  intensive 
study of the distribution of elements in meteorites 
will enable one to draw important conclusions con-
cerning the structure of planets, the origin of our 
solar system, and the relative "cosmic" abundances 
of the chemical elements (1,2). 

Unfortunately, with the exception of a very few 
eornmon elements such as  oxygen, silicon, magnesium, 
iron, nickel, and calcium, elements are  found in 
rrreteorites in quantities of only a few parts per mil- 
lion (3, 4) .  Assaying the concentration of these rarer 
constituents of meteorites with an accuracy of 10% 
or better, as  we often wish to do, presents grave ana- 
lytical problems. V. M. Goldschmidt ( 4 ) ,  I-Ievesy 
( 6 ) , and the Noddacks (11), who did much of the 
excellent earlier work on assaying the rarer con-
stituents of meteorites, used a t  one time or another 
straightforward quantitative chemical methods, X-ray 
spectroscopy, and chemical spectroscopy. While their 
work has been very useful, the difficulties inherent in 
such analytical work gave rise to errors which appear 
in many cases to be greater than factors of two, and 
in some cases a s  great as  a factor of ten. 

I f  marked progress is to be made in the application 
of meteorites to cosinological problems, it  seems clear 
that analytical techniques are  needed which will 
satisfy the following criteria: (1) The inethod must 
permit a n  accuracy of 10% or  better in determining 
the concentration of a given element present in the 
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concentration range of 0.01 ppin to 500 ppm;  (2) 
there must be no interferences from other chemical 
elements; (3)  there must be no danger of contami- 
nation during the analysis; (4) the inethod must be 
reasonably rapid. A survey of various possible ana- 
lytical approaches to the problem led the authors to 
the conclusion that a radiochernical technique offered 
the most promise. 

T l ~ e  General Method. The concept of utilizing 
neutron activation as  an analytical tool is by no 
means new. As early as 1936 Hevesy and Levi (7)  
applied the neutron activation inethod of analysis to 
the rare  earth elements. They were able to find the 
'Lh-hr dysprosium period in a sample of yttrium, after 
activation with neutrons, and thus demonstrated the 
presence of dysprosium impurity to a n  extent of 1%. 
Using the same method, Hevesy and Levi were also 
able to detect small amounts of europium in gado- 
linium sanlples (8). Since that time, modifications 
of the method have been used for  semiquantitative 
studies of ele~nents possessing relatively high neutron 
activation cross sections. 

Most elements when irradiated by slow neutrons 
give rise to radioactive species of the same atomic 
number. The specific activity produced in a given 
element by neutron irradiation depends upon the 
neutron capture ci-oss section of the isotope giving 
rise to the activity when it  captures a neutron, the 
abundance of the isotope, the neutron flux, the half- 
life of the radioactive species, and the length of the 
irradiation : a =Nof ( 1- e-At) where a = activity (dis- 
integrations/sec), N =number of atoms of the nuclear 
species giving rise to the activity, o =neutron capture 
cross section of species per atom (ern2), f =neutron 
flux (neutrons/cm2/sec), h = decay constant of radio- 
active product, t = length of irradiation. 

With the advent of the neutron pile, neutron fluxes 
capable of producing very high specific activities have 
become available. F o r  example, the flux of the order 
Of 1012 neutrons/clnz/sec available in the heavy water 
pile a t  the Argonne National Laboratory is capable 
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of producing, in many elements, specific activities of 
the order of magnitude of 100,000-1,000,000 disin-
tegrations/min/pg of elernent. Such specific activi- 
ties make it  possible to carry out the following gen- 
eral procedure: (1) A portion of the substance to 
be analyzed is irradiated in  the pile, together with 
a standard consisting of a known weight of the ele- 
ment being determined; (2)  the unknown is dissolved 
and a known weight of the elernent being determined 
is added to the solution; ( 3 )  the element added is 
chemically processed in order to free i t  from the 
activities associated with other elements present in 
the unknown; (4) the chemical yield of the procedure 
is determined; (5) the activity of the element in  the 

TABLE 1 

SENSITIVITYOl? PILEANALYTICAL M X T ~ I O D  

FOR CERTIN E L E M E N T S  
(i\rxonne Hravy Water Pile, 7-hr bombardment 

a t  hiyhrst flus) 

Sensitivity Element 
Sensitivity 

(PP) 

unknown is coinpared with that of the standard; and 
(6) the purity of each activity is checked by measure- 
ments of half-lives and absorption spectra. 

Table 1gives exarnples of the estimated sensitivity 
of the neutron irradiation niethod for  various elerncnts 
in  the Argonne heavy water pile. The term "sensi- 
tivity" is used here in a sense differing soniewhat fro111 
its usual connotation in connection with analytical 
methods. I n  this paper the tern1 is used to indicate 
the snlallest quantity of a n  elenlent that will give rise 
to a n  activity sufficiently intense to perniit the rneas- 
urement of half-life and absorption after the elernent 
has been exposed to the central pile flux for  a period 
of 7 hr. Thus "sensitivity" here denotes the smallest 
quantity of a n  element that  can be nieasured with a 
precision better than lo%, utilizing the central flux 
of the Argonne I'ile fo r  a tirne not unduly long. 

It can be seen that the sensitivities obtainable are  
in general quite satisfactory, and in sollie cascs are 
remarkable. The cases of manganese, copper, arsenic, 
palladium, and dysprosium, shown in Table 1, are 
particularly noteworthy. I f  one assurnes that a half- 
life of 30 rnin represents the shortest life-time prac- 

ticable for  analytical determination, then the method is 
applicable to about 60 of the 75 stable elements esist- 
ing in nature (excluding the rare  gases). The lnethod 
either cannot be applied or can be applied only with 
dificulty to hydrogen, lithium, berylliuln, boron, car-
bon, nitrogen, oxygen, fluorine, magnesium, aluminunl, 
vanadium, cobalt, columbiun~, and rhodium. I n  gen- 
eral, the pile method of analysis is more sensitive fo r  
elements of odd atomic number than for  elements of 
even atomic number, because nuclear species of odd 
Inass nunlber have larger activation cross sections and 
nuclear species giving rise to the activities in the even 
elements have generally low abundance. 

Thus f a r  the pile analysis method has been deuel- 
oped and tested for  the elements gallium and pal-
ladium. The nlethod has been applied extensively to 
the problem of analyzing iron lneteovites f o r  these 
elements. Galliuin is present in  iron lneteorites to a n  
extent of 10 to 100 ppm;  palladium is present to a n  
extent of 1to 5 ppm. 

The illethod Applied to Gallium. Gallium is prcs- 
ent in  suEcient quantity in meteorites, and the actira- 
tion cross section is suficiently large, to permit the 
use of the Inore niodest neutron fluxes obtainable sollie 
distance from the center of the Argonne pile. 

Galliurn has two stable isotopes ( lo ) ,  Ga6"60.274) 
and Ga71 (39.8%). The more abundant isotope cap- 
tures a neutron to form 20-min Ga70; the less abun- 
dant isotope captures a neutron to form 14.1-hr Ga72 : 

Ga7I+ n n Ga7214.3Ga72+ P-
The radiation characteristics of the radioactive 

products are described elsewhere (13). 
The sarnples were transported to a position near the 

reactor tank of the pile and out again by means of a n  
electronically controlled pneuinatic tube device kno~7.n 
as  a "rabbit," which has been described elsewhere (9, 
1 5 ) .  Sanlples ranging in weight between 0.3 and 0.5 
g were cut fraln portions of meteorites f ree  from dis- 
cernible inclusions of troilite, silicate, o r  sehi-eibersite. 
The sarnples were washed with 6N hydrochloric acid, 
distilled water, and alcohol to rernove surface im- 
purities. The samples were then placed in individual 
stnall plastic containers in the rabbit and irradiated 
for  approxiniately 30 min. Standard saniples of gal- 
liuni 8-hydroxyquinolate were irradiated simultane-
ously. After  rernoval from the pile, the samples were 
allowed to cool until the 20-niin gallium activity had 
decayed. The unknowns and the standards were then 
chemically treated. I n  the case of the unknowns, the 
chemical procedure was designed to make use of the 
fact that gallium is ether-extractable, a s  the chloride 
( 5 ) , is aniphoteric, and can be precipitated as  the 8-
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hyilroxyquinolate. The combination of these chemical water phase. 4) Add sodiunl hydroxide until solution 
properties permits development of a procedure which possesses a hydroxide concentration of 1to 2 M, pre-
successfully frees the gallium activity from other in- cipitating all ferric ion present. This precipitate 
terfering activities. brings down with it  residual interfering ac'tivities. 

A 
liun no. G:rllinm content I)rvia tion fro111 Run no. 

( D D 1 ~ 111ea11 

Average : 77.4 

Standard drvi;ttion CT - = 3 -I (4.4~/1dz 

IP1.ecision= 4= +- 0.9 

v 11 

Final result for 13 runs : 77.4 k 0 0 pun1 

Avrregr : 16.8 

Standard deviation c = 1.3= 4" 
n - 1 


Precision =%= +- 0.4 

v 11 

Fin 1 1  rrsult Cor 11 rnus : 16.b 0 4 ppnl 
-- .----------- -- -

Chemical Procedure for Gcrllium in Iron Meteorites : 

I )  Dissolve sarnple in hot concentrated hydrochloric 
acid in 50-ml beaker. Add 4 to 5 rng of Ga+%arrier. 
Decant solution from any insoluble residue present 
(seldom more than 0.1% by weight). 2) Make solu- 
tion 5.5 to 6.5 M in hydrochloric acid. Extract gal- 
lium with a n  equal arnount of ether saturated with 
hydrochloric acid. Extract gallium fro111 ether phnse 
with water. 3) Repeat step 2. Eoil ether from 

I'recision = P= LO.!) 

\/ rt 


ffi11:11ves111t for 10 runs : 69.3 5 0.9 ppm 
- -- .- - --

.i\wage : 55.2 -

Standttrd deviation o = d E = : 3 . 9  (7 .1%)
n - 1  

lPinr~l result for 11 rnns : 53.2 5 1.2 pprn 

Add one drop of aerosol, centrifuge, and discard the 
precipitate. Acidify the solution to a p H  of 1.0 and 
heat to 60-70' C. 5 )  Add 5 rnl of a 1%dilute acetic 
acid solution of 8-hydrosyquinoline. Add dropwise 
3M arnrnoniu~n acetate until the precipitation of yel- 
low galliurn 8-hydroxyquinolate is complete. 6 )  Filter 
and wash the precipitate with hot water, then ether. 
Determine the weight of the sample after heating a t  
110' C for  15 rnin. The sample is now rexdy to be 
counted. 

Treatment  of Gall ium Standard.  Sainples contnin- 
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FIG.1. Typical galliurn decay curves. o Iror~ metenrile. x Standard. 

ing approximately 10 mg of gallium 8-hydroxyquino- The results on Canyon Diablo, Henbury, Odessa, 
late were irradiated in containers identical with those and Xiquipilco serve to show that the statistical errors 
used for  samples of meteorites. The standards were involved in such a method of analysis are not pro 
dissolved in hot concentrated hydrochloric acid and hibitively large. Runs were made on different days, 
diluted to 50 ml such that a 0.5-ml aliquot precipitated 

10
with gallium carrier as in the procedure above gave a 
dilution factor of 100 and the resulting precipitate 
had approximately the same counting rate as the gal- 
lium precipitate in the meteorite procedure. 

Results. Extensive runs were madc on four mete- 0 5 0  

orites in order to ascertain the precision of the method. 3 
The results are shown in Tables 2, 3, 4, and 5.  I t  will 
be noted that the standard deviation varies from 4.3% /0 
in the case of Odessa, where the gallium content is 69.3 2 
ppm, to 8.0% in the case of Henbury, where the gal- 

a 

liem content is 16.8 ppm. Such a drift of standard 3S 
020 

deviation with gallium content is to bc expected under 2
the conditions used, as all runs were made under 2 
nearly identical conditions of flux and irradiation 
time. Under such circumstances the counting rates 3 
for  samples with low gallium content are lower than 

4 

0.10 

those with high gallium content. A marked increase 
of flux, irradiation time, or  counting time would lower 
the standard deviation. 

Figs. 1 and 2 show typical decay curves and alumi- 
0.05 I I I 

num absorption curves of standards and unknowns o 100 200 3 0 0  4 0 0  5 0 0  000  

normalized to each othcr. Such data show that only Mg/cm2 of aluminum 
gallium is being counted. Flc. 2 .  'T%pical gallium absorption curves. 
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under varying conditions of neutron flux, location of 
samples in the rabbit, and irradiation time, and no 
constant drift  of the results could be detected. How-
ever, if galliurn in the form of room dust were being 
measured in addition to meteoritic gallium, a constant 
error would result. Consequently a number of sub-

TABLE 6 

(;AI.I.IU&I~ O A ' L . I E M TO F  VARIO1lS IRON METEORITES 

A v e ~ageNumberName 
of runs gallium content 

(ppm) 

Arispe 
Canyon Diablo 
Canyon Diablo #2 
Carleton 
Deport 
Henbury 
Mount Joy 
Odessa 
Sandia Mountains 
Spearman 6 
Tlaxcala 2 
Xiquipilco 11 
Institute of Meteoritics #2 3 

I' ' I  
" #G 3 

stances were analyzed i n  order to ascertain whether o r  
not the natural gallium contamination level was intro-
ducing errors. A sample of electrolytic iron, in  
which gallium could not be detected spectroscopically, 
mas analyzed and found to contain 0.08 ppm of gal-
lium. A sample of commercial aluminum was ana-
lyzed and found to contain less than 0.01 ppm of 
gallium. On the basis of these results, i t  seems safe 
to assume that no appreciable constant error due to  
gallium contamination was introduced in the measure-
tlients. The errors contributing to the standard devia-
tion represent the sum of three effects: counting 
errors, actual deviations in gallium content f rom 

TABLE 7 

SUfi1iI1ARY OF PALLADIUMRESULTSO N  CANYONDIABLO 

Pallatlium content A 
Kun no. Deviation from

(ppm) mean 

3.03 
3.85 
3.85 
3.64 
4.21 
4.79 
4.30 
3.91 
3.91 
4.35 

Average : a.08 

Standard deviation u = 
m -1 

Precision = -% =2 0.15 
n 

Final result for 10 runs:  3.98 + 0.15 

sample to sample (within a given meteorite), and 
actual errors involved i n  the chemical procedure. 

A total of 14 iron meteorites were analyzed f o r  gal-
liurn content. The results of the analyses are given 
in Table 6. 

TABLE 8 

ST'MMARYOF PALLADIUDI RP:SUI,TSON I-IENBURY 

A 
Kun no. Palladium coutent I)evialion 

( P P ~ )  mean 

I:: 
99 


100 

101 

102 

107 

108 

109 

110 


.4vera, : 2.02r 

Standard deviation o = -- -- 0.22 (10.9%)
n - 1  

l'rccision = -o= = 2 0.07 
11n 

Fin;rl result for 10 runs : 2.02 2 0.07 ppln 

T h e  Method Appl ied  t o  Palladium. Palladiu~riex-
ists in  iron meteorites to an extent of about 1 to 5 
ppm. Activities obtainable in  the rabbit were too low 
to permit the accumulation of precise enough data, 
and so all runs were made i n  the center of the pile, 
using irradiation times of approximately 1hr. The 
element yields two prominent activities upon irradi-
ation with slow neutrons, one of half-life 13 h r  pro-
duced from Pd108 and one of half-life 26 min pro-
duced from Pd1l0. The two isotopes giving rise to  the 
activities have abundanws of 26.8% and 13.5% re-

TABLE 9 

SUD~~IARY ol)&SSAOF PALLADIUM RESULTS ON 
.. -. 

Average : 4.15 __ 

St:~ud;~rd o = = 0.45 (10.81%)devialiom 4% 

Precision =A= 2 0.14 

11n 
Final result for 10 runs:  4.15 + 0.14 
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spectively (13). The radiation characteristics of the 
two activities a re  discussed elsewhere (13). 

TARIAE 10 

AI'alladiurn content
ILun no. Deviation fro111 

(Pl,111) mean 

Average : 4.72 

Standard deviation u = ---- 0.31 (6.") 
n 1 

I'rerision = -% = + 0.10 
V n  

Final result for 10 runs: 4.72 + 0.10 

Samples of iron meteorite each weighing approxi-
mately 0.3-0.5 g were irradiated in soft glass vials, to-
gether with a standard of palladium dirnethyl gly-
oxin~e. After irradiation the sainples were permitted 
to  cool until the 26-min activity had died away. The 
samples were then chemically puoccssed. The chem-
ical procedure used f o r  the isolation of the palladium 
activity was a modification of a procedure developed 
by Seiler (14). Use was made of the fact that pal-

ladiurri can be precipitated as the dimethyl glyoxime, 
and that it also forms a complex in excess ammonium 
hydroxide. 

.\ \ emgrx!':,",": 
 palladium content 
(1)l)l~l) 

Ari\l)e 4 
Canyon Diablo 10 
Canyon Diablo #2 3 
Carleton 4 
Deport :i 
IIenhuvy 10 
Institnte of _RIcteoritics#" 3 

"C '  
" $6 5 

RIoomt Joy :i 
0cless:i 
Sandia RIonntains 
Spearm.rn 
Tlaxci~l:~ 
Willow Creitk 
Sicyi l~i lco 

Chemical Proced~rrefor Pul ladi l~ lnia 11.0% Mete-
oqeites: 1)  Dissolve the sarrlple of irradiated meteorite 
in  hot concentrated hydrochloric acid in  a 50-ml 
centrifuge tube covered with a watch glas.;. . Add 10 
mg of Pd+2carrier. Keep tube in ice bath in order 
to inhibit oxidation of Fe+? ((Palladiun~dimethyl 
glyoxirr~ewill not precipitate easily in  the presence 
of Fe+3.) 2) Add ammonium hydroxide until solution 
is 0.4 M in acid. Add 3-5 ml of 1%dimethyl gly-
oxime solution. Allow solution to stand 40 min. 

29 JULY 1948 30 JULY 1948 31 JULY 1948 
FIG.3. Tgl~iralp .~ l l :~~ l inm o I ~ o nmtxteorite.11rc:tg cnrves. x Standard. 
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Mg/cm2 alurniiium 
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Treatment  of Palladium Standard.  Samples con- 
taining approxilnately 10 mg each of palladium di-
methyl glyoxiu~e v7ere irradiated in containers identi- 
cal with those used for  ineteorite samples. Each 
standard was then dissolved in hot concentrated nitric 
acid and diluted to 500 ml such that a 0.5-ml aliquot, 
when precipitated with the standard carrier aliquot, 
gave a dilution factor of 1 par t  per  1,000 and ap- 
proximately the same counting rate as  the palladiui~l 
froin the nleteorite. 

Re.su1t.s. I n  order to estimate the reproducibility 
and precision of the palladium procedure, as  in the 
case of gallium, a number of runs were made on four  
meteorites. The results are  shown in Tables 7, 8, 9, 
and 10. I t  will be noted that the standard deviations 
obtained are  quite satisfactory. Table 11 gives the 
palladiurri contents of 1 5  iron meteorites. Figs. 3 
and 4 show typical palladiua~ decay curves and alu- 
ininuit~ absorption curves. 

Thus, the neutron pile as  a tool in  quantitative 
3 	 analysis is quite generally applicable and is particu- 

larly useful in analyzing unknowns f o r  minor con-
stituents.UI(.. 4. Tjpical pttlladium absorption cnrvcs. 


Olron tnc,tt*oritc. I Standard. 


Centrifuge. 3) Dissolve precipitate in 1 lril of hot 
concentrated nitric acid. Cool and dilute with 10 1111 
of water. Add 5 mg of Fe+3 carrier. Add excess 
aminoniurri hydroxide to precipitate iron. (This step 
renloves a nuinber of extraneous activities.) Add 10 
lrig of Agc carrier and enough iodide to precipitate 
all silver. (This step relrioves any silver activity 
present.) 4) Centrifuge and discard the precipitate. 
5 )  Repeat steps 3 and 4. 6)  Adjust acidity to 0.4 M. 
Centrifure solution to relllove silver &loride 
precipitate forrrled. Add 3-5 of 1%dinlethyl 

glyoxime solution and allow solution to stand 40 ir~in. 

Wash the precipitate first hot and 
then cold water and ethyl alcohol. Deterllline the 
weight of the s a l n ~ l e  after heating a t  110' C fo r  10 
min. The sarnple is no\v ready to count. 
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