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ABSTRACT 

P.P.RT I 

Ji n--.ethod for the analysis of polonium-210 (138.4 day 

half-life) and lead-212 (10.6 hour half-life) in rocks has 

been studied. Tne procedure involves dissolution of the 

sample and 2ddition of 10 mg. lead carrier. The polonium 

is separated by spontaneous electrodeposition on a silver

foil disk at room temperature from a 0.5F HCl medium con

taining 0.05F hydrazine and the alpha-activity from the 

poloniur:l-210 measured "('-ri th a scintillation counter. Sodium 

tartrate is added to the solution remaining from the polonium 

deposition, the pH raised to 4.7, and the lead-212 deposited 

vrith the lead carrier on a second Silver-foil disk. The 

yield of lead is determined gravimetrically and the decaying 

alpha-activity supported by the lead-212 observed with the 

scintillation counter. Tne procedure has been calibrated 

by using minerals which had been analyzed for lead-210 and 

thorium-232 by other methods. The effects of temperature, 

volume, and inhibiting ions on the yield and rate of depo

sition of polonium were also studied. The procedure was 

tried on a synthetic uraninite-thorite mixture and on the 

zircon from the Pacoima Canyon pegmatite. The results in

dicate that extreme care must be taken to get all material 

into solution and to avoid high temperatures during fusion 

of the sample. The weight equivalent uranium found from 

the polonium-210 analysis on the zircon agreed with the 

mass sDectrometric value for the uranium content to 3.3%. 



PART II 

A study has been conducted in order to better charac-

terize the meteorite flux at the earth's orbit with respect 

to type, mass, direction, and magnitude. A survey of the 

meteori te data ~ras made by placing the information on punch 

cards and sorting these cards according to various categories. 

On the basis of the year of fall, it was noted that the 

achondrites were more abundant than the irons from 1850 to 

1870 and that the reverse was true from 1890 and 1910. 

No enstatit2 chondrites fell prior to the 1860's and a large 

number of this type fell during 1930. A chi-squared test 

applied to the monthly patterns of fall indicates that the 

distributions for the veined-hypersthene chondrites, the 

veined-Ivhi te hypersthene chondrites, the achondrites, and 

the howarditic achondrites were those least likely to be 

random, suggesting that these types may travel in definite 

orbits. As for the direction of the flux, the hourly pat-

terns are heavily biased toward the daylight hours with no 

6:00 maximum as in the case of sporadic meteors. The 

achondrites display an interesting bimodal distribution 

during the daylight hours. The magnitude of the flux shows 

significant variations with year among which the decrease 

Since 1940 appears to be most important. The functional 

relationship between the rate of meteorite recovery and 

the rural population density has been investigated and an 

average value of 1.0 meteorite/106 sq. km.-year found for 

the total flux, Ro' arriving at the bottom of the atmos

phere for the period 1810 to 1950. 



T.L':.BLE OF CmJ'rENTS 

P JI.RT TITLE 

I. A PROCEDURE FOR T~E F.NALYSIS OF POLONIUM-2l0 
AND LEAD-2l2 IN ROCKS 

1. INTRODUCTION 

The Natural Radioactive Decay Chains 

PAGE 

1 

1 

Spontaneous Electrodeposition of Polonium -6 

Recent Methods for the Separation and 
Analysis of Radioactive Lead Isotopes . . 13 

2. 

3. 

APPARATUS AND EX?ERH'lENTAL 

DISCUSSION OF RESULTS . • . . 

Procedure for Polonium-2l0 

Procedure for Lead-212 

Alpha-Counting Correction Factors and the 

15 

33 

33 

45 

Calibration of the Procedure 59 

Combined Polonium-210 and Lead-212 Analyses. 63 

Precision of the Analyses 

4. SUMMARY . 

REFERENCES . . . . . 

II. . A CHARACTERIZATION OF THE METEORITE FLUX 
AT THE EARTH'S ORBIT ....•.•.. 

1. INTRODUCTION 

2. PUNCH CARD CODING FORMAT fu~D SURVEYS 

3. COMPOSITION AND DIRECTION OF 1~~ FLUX AT 
THE EARTH'S ORBIT .......•.. 

Description of the Coordinate Systems . 

Type Composition of the Flux 

72 

74 

77 

80 

81 

89 

89 

96 



PART TITLE 

Mass Composition of the Flux 

Direction of the Flux 

4 . MAGNITUDE OF THE FLUX • 

5 . SUMMARY 

APPENDIX A • 

APPENDIX B 

REFERENCES 

PROPOSITIONS 

REFERENCES FOR THE PROPOSITIONS 

PAGE 

128 

136 

151 

175 

178 

183 

220 

223 

254 



I 

A PROCEDURE FOR THE ANALYSIS OF POLONIUM-210 

AND LEAD-212 IN ROCKS 



- 1 -

1. INTRODUCTION 

The Natural Radioactive Decay Chains 

The science of geochemistry has benefited a great deal 

from the existence of the natural radioactive decay chains. 

A partial list of geochemical applications must include the 

follo'l'Jing. 

1. TIle end products of their decay, the lead isotopes, 

provide methods for the long-term dating of geological 

deposits (2xl07 to 5xl09 years) by the uranium-lead, thorium

lead, and lead-lead procedures (1). 

2. If certain time-related disequilibrium patterns 

exist among the members of the chains, then these can be 

used to date uranium deposits if their ages lie between 

2,000 and 200,000 years (2). 

3. The relative abundances of the chain members in 

rocks reveal facts concerning the geochemistry of uranium 

and thorium as well as that of their daughters (3,4). 

4. A future use may arise from the fact that uranium 

and thorium are widely dispersed throughout all rocks. A 

study of the changes in the state of equilibrium across the 

weathering zone should yield information concerning weather-

ing processes. 

The members of the three chains are shown in Figure 1-1. 

Several characteristics which are of importance in geochemical 

applications should be noted. 
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(a) Tne parents of two of the chains are isotopes of 

the same element, uranium, and thus cannot be separated by 

geoch::;I,uc2.1 reactions. Therefore, the ratio of uranium-238 

to ur2.nium-235 is a constant at any given time and the ratio 

of the radioactivity per chain member in equilibrium samples 

must also be a constant. No such relationship exists be

tvleen the thorium series and ei ther of the two uranium 

series because the ratio of uranium to thorium can assume 

any value. 

(b) TI~e half-lives of the chain members range from 

fractions of a second up to billions of years. Within this 

wine range only uranium-234, thorium-230, radium-226, and 

protactinium-231 (excluding the chain parents) have half

lives of the maGnitude of the units used to measure geologic 

time. None of these are members of the thorium series. Now 

the maximum disturbance in the radioactive equilibrium of 

th,_se chains occurs when all daughters are removed (with 

the exception of uranium-234 in the uranium-238 series and 

thorium-228 in the thorium-232 series). Following such a 

maximum disturbance, the time required for the chains to 

return to equilibrium is determined by the long-lived 

daughters in each series. The uranium-238 series requires 

a length of time on the order of 500,000 years; the uranium-

235 series requires 200,000 years; and the thorium series 

requires 45 years. Thus the thorium series may ordinarily 

be assumed to be in equilibrium in geological samples. 
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(c) The only gaseous members of these chains are the 

isotoP2S of' emsl".ation. Tne rate of loss of these isotopes 

throuGh di:f'::l~usion processes depends upon the type of crystal, 

the de,2;ree of breakdo~'m of the crystal, the temperature, and 

the initial location of thorium and uranium with~n the crys

tal (6). 1De loss of radon, in particular, is a potential 

source of disequilibrium in the uranium-238 series. 

The disequilibria found in the decay chains in natural 

systems can be used to study certain geochemical problems. 

A leader in the study and classification of natural disequi

librium types has been J. N. Rosholt (2,5,7,8,9). His ap

proach, as illustrated in Figure 1-1 is to break the chains 

do't'm into groups having a parent whose half-life is much 

longer than those of its immediate daughters. Thus, the 

group daughters can be assumed to be in radioactive equilib

rium with the group parent. A complete study of the disequi

librium present in any sample requires the determination of 

the quantity of each group present. These data then yield 

a profile of the disequilibrium in each series in the sample 

which can be used as a basis for the discussion of the geo

chemical reasons for this disequilibrium. 

Tne radiochemical procedure employed by Rosholt (5,7) 

separates at least one member of each group on carrier 

precipitates. Tne alpha-activities of these precipitates 

are then observed as fUnctions of time, any complex decay 

curves resolved, and the activity of a particular nuclide, 



- 5 -

at the time of its chemical isolation from the decay chain, 

calculated. T~le lO1f:er limits for the determinations of the 

various groups by this procedure depend upon the uranium/ 

thorium ratio in the sample. Tnorium-232 can be determined 

dOVf{l to 1 p.p.m. thorium in sar.lples vJhere this ratio is 

10" (~\ 
\Y J) • The; reproducibility of the lead-210 analysis is 

ab':YJt 85b for saly,ples in which there is 1% uranium (7). In 

the published analyses of disequilibrium samples (2) the 

Im'rest 1ead-210 content analyzed was 20 p.p.m. equivalent 

uranium and the lowest radium-228 content was 50 p.p.m. 

equivalent thorium. 

TIle present study was undertaken to find alternative 

procedures for the analyses of the lead and thori~~ groups. 

As was pointed out above, the thorium series may ordinarily 

be assumed to be in equilibrium in geological samples. Tnere-

fore;~ the analysis for any member of this group yields the 

thorium-232 content. In the uranium-238 series the loss of 

lead group members from a sample can only produce short 

term disequilibrium. However, because this group comes at 

the end of the series, an analysis for it is helpful in 

evaluating the state of equilibrium farther up the chain. 

This state of equilibrium is affected by the gain or loss 

of emanation-222 (radon), thorium-230 (ionium), or radium-226 

and is of special importance in evaluating age data based on 

the lead-206 content. 
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Electroplating procedures naturally suggest themselves 

as alternatives to precipitation separations because they 

require a minimum amount of manipulation of the sample solu

tion and yield the radionuclides in a form convenient for 

counting. In the lead group all of the nuclides may be 

electroplated but if alpha-counting is to be used, polonium-

210 is the best choice. The lead and bismuth nuclides in 

the thorium group have combinations of half-life and de

composition potential which make them suitable for the 

determination of this group. The goal originally established 

for the analytical procedure was the determination of 

polonium-2l0 and lead-2l2 in the p.p.m. range in minerals 

to + 10%. 

Spontaneous Electrodeposition of Polonium 

Electrode potentials for polonium and other half

reactions of interest are presented in Table 1-1. By 

applying the laws of thermodynamics we may conclude that 

at equilibrium: 

1. polonium should deposit spontaneously on metals 

which form couples whose potentials are more 

negative than the Po ion/Po(s) couple, and 

2. ions of couples having potentials more positive 

than that for polonium should react before polonium 

and therefore may interfere with its deposition. 

According to the first of these rules, it should be possible 

to spontaneously electrodeposit polonium from a chloride 
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TABLE l-l. Electrode Potentials for the Half-Reactions 

of Polonium and Other Species. 

These are standard potentials except where noted. 

Solution or CouDle 

Po (allout 10-5F ) in l.OF HCl (PoC16-, POC1;?, 

HPoC16? ) 

Po in HCl + hydrazine 

Po (lO-lOF) on gold from O.iF HCl 

Po (about 10-4F) in 1.OF HN0
3 

(PO(N0
3
);, PoO++, 

Po++++, etc.) 

AuCli/ Au (s) 

NO;/HN02 (g) 

ptC14-/Pt(s) 

FeC14/Fe++ (IF HC1) 

HgC14-/Hg
2

C1
2

(S) (10-5F Hg, 0.5F HC1) 

AgCl(s)/Ag(s) (0.5F HC1) 

Au in O.lF HCl + 0.9F thiourea 

CuCl;-/CU(s) 

BiC14/Bi(s) 

H+/H
2

(g) (pt saturated with 
H2 in dilute HC1) 

Ni++/llJi(s) 

N2 (g)/N2H; (1 atm. N2 , O.lF N2H6 '2HC1, 

0.5F HC1) 

Electrode 
Potential Reference 

(V. vs. S.C.E.) 

+ 0.23 (10) 

IV same as Po (10) 

+ 0.37 (11) 

+ 0.45 (10 ) 

+ 0.76 (12) 

+ 0.70 (12 ) 

+ 0.49 (12) 

+ 0.46 (12) 

+ 0.32 calc. 
from (12) 

+ 0.00 calc. 
from (12) 

- 0.04 (13) 

- 0.06 (12) 

- 0.08 (12) 

- 0.30 (13) 

- 0.48 (12 ) 

- 0.48 calc. 
from (12) 
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medium onto silver, copper, bismuth, nickel, and an H2 -Pt 

electrode. Spontaneous deposition onto metals more noble 

thane' - :1ium will not occur in the absence of reducing 

agents such as hydrogen in the case of platinum, or complex

ing agents which can lower the electrode potential of the 

metal, such as thiourea in the case of gold. According 

to the second rule, the presence of nitrate ion, ferric 

ion, and the ions of gold, platinum, tellurium, or mercury 

should interfere with the deposition of polonium. 

Bagnall (13) has.reviewed the literature on the spon

taneous deposition of polonium up to 1956. A more recent 

application is that of Ancarani and Riva (14) in which they 

determined polonium in minerals by spontaneous deposition 

on nickel. The most extensive recent study of the spontan

eous electrodeposition of polonium on various metals was 

conducted to find methods for its determination in biological 

m2terials (15,16,17,18). Polonium has also been separated 

from irradiated bismuth and lead targets by spontaneous 

deposition on silver (19). 

The factors which affect the recovery of polonium on 

silver from a chloride medium include the effect of stirring, 

the acidity, the concentration of polonium, the temperature, 

and the inhibiting effects of certain ions. Smith et ale (15) 

found that stirring was essential for high recoveries of 

polonium and that the recovery increased with the concentra

tion of polonium as shown in Table 1-2. However, Black (16) 



- 9 -

TABLE 1-2. Recovery of Polonium as a Function 

of Concentration (15). The polonium was 

plated from 100 mI. at 9cPC. onto silver foil. 

Concentration Yield 
(c.p.m./IOO mI.) (%J 

15 89.65 

n4 90.60 

1,061 93.01 

10,457 92.44 

21,163 93.82 

199,713 96.01 
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found that at low concentrations of polonium (2 to 160 

d.p.m./200 mI.) there was no correlation between the con

centration and percent recovery of polonium at 94°C. on 

silver foils. 

The recovery has been found to be independent of 

the HCl concentration as long as this was greater than 

about O.lF (13,15). Tne consensus of opinion of many in

vestigators has been that high temperatures produce smoother 

depo~:;ition and Krebs and Whipple (17) state flatly that high 

yields on silver can only be obtained at elevated tempera

tures. These conclusions appear to have been reached with

out undertaking a detailed study of the deposition as a 

function of time. 

It has been observed that Silver metal placed in a 

chloride solution containing ferric or nitrate ions or the 

ions of gold, platinum, tellurium or mercury develops a 

dark surface and that the yield of polonium by spontaneous 

deposition on the Silver decreases (13). vmitaker et al. 

(20) noted the inhibiting effects of ferric iron and mercury 

and found that the yield of polonium rose from 38% to 98% 

when the solutions containing these ions were boiled after 

saturating with sulfur dioxide. Haissinsky (21) employed 

hydrazine in 20% HCl as a reducing agent to preCipitate the 

interfering ions of gold, mercury, and platinum as the metal. 

Bagnall (13) lists methods for dealing with tellurium and 
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ferric ions. The latter may be reduced to the ferrous state 

by ascorbic 2.cio .. sulfur dioxide o:t' it may be comp1exed with 

fluoride io~. Smith et 21. (15) made a detailed study of 

the yield as a ~Unction of the ferric ion ~oncentration and 

their Y'esults are presented in Table 1-3. The yield as a 

lUnction of tile concer~tr2tion of nitric acid VIas investiGated 

f-,'--" l ' d \ ~O) wno conc ~uae that a concentration of o.16F 

ni tY'ic acid V18.S t';.-..: highest that could be tolerated. 

:·~ost investigators who have examined the recovery of 

poloniuD on silver a~d other metals have found it to be less 

th2Y1 lOO5'j (14,15 .. 16,19). HOI-rever, Feldman and Frisch (22) 

concluded from their experiments, with the successive plating 

of polonium from the same solution on three separate silver 

disks .. that they I-,ere achieving an av~rage of 99.8% recovery 

on the first plating. But since they used the sum of the 

activities of the three platings to calibrate their solutions 

and reported no independent calibration (e.g., evaporation 

and counting of aliquot portions of the solution) as did at 

least one other investigator (16), their conclusion must 

be questioned. 
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'1'J..BLE 1-3. Recovery of Polonium as a Function 

of the Ferric Ion Concentration (15). 

, , . 
Corlcen ~C~2 t~ion of Fe . ,. Yield 

(moles/I. ) ( 7&) 

0.5 x 10-3 100.4 

., x 10-3 88.9 .L 

2 x 10-3 55.8 

3 x 10-3 22.0 

4 x 10-3 16.7 

5 x 10-3 10.4 
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Recent ~ethods for the SeD2ration and Analysis of 

Radioactive Lead IsotoDes 

'r::.2 hc::;'{-lives of the radioactive lead isotopes may be 

fo~nd in ?i~ure 1-1. If alpha-counting is performed on the 

lead sepc:rateo. from 3. sample containing all three decay 

chainG 3 the alpha-activity resultin~ from lead-214 and 

lea6-211 should decay to negligible levels by the time the 

alpha-acti vi ty f~"om lead-212 has grovJ;{l to complete equilib

rium. ~ha growth of alpha-activity supported by 1ead-210 

should remain negligible until the determlnation of lead-212 

~osholt does not directly determine any lead isotopes 

i'" r-~is procedure. Recent methods for separating radioactive 

lead isotopes have employed precipitation, extraction, ion 

exchange, and electrochemical procedures. Godt and So~~er

me:~·2r (23) separated lead-210 from biological materials by 

precipitation of lead carrier with sulfide. Von Gunten and 

Ledent (24) and Alberti et ale (25) extracted lead isotopes 

as dithio2onates while Gorsuch (26) used sodium diethyldi

thiocarbamate for the extraction of 1ead-212. Chen and 

',-Iong (27), Dedek (23), and Gorsuch (29) have employed ion 

exchange in the separation of lead isotopes. 

Harrison et ale (30) reported an electrochemical pro

cedure for separating bismuth-212 and lead-212. The bismuth-

212 plus bismuth carrier were deposited, using cathode poten

tial control, from a 0.5F HCl solution heated to 30-90o C. 
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1he lead-212 and lead carrier were then deposited on a new 

~is p~OCCd~~2S fo~ t~e controlled-potential cathodic depo-

sitio~ of :2ad e~ploy8 a tartrate medium at a pH of 4.5 to 

5.0 2.:1.d ~·00;--;". ter;,~oeratu:r'e. Ishibashi (31) also used a tar

tratel:~edium to successively separate bismuth-212 and 

1ead-212. 
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2. A?? ;:..:HA'I'US AND EXPEIUr,::::::\,TAL 

S·-:'O~'":-::;2.:'C:CUS 2J.2c-c:c'oceposi tion eDDaratus 1"01" polonium-

spo::,-tc:::1eous elect:c'odeposition of polonium-210. Tne silver 

surface to be plated was suspe::1ded in the soluti6n by means 

o:C the 3.6-~·I....:n. d:Lc·c.".etcr glass rod vlhich passed through a 

hole in t:12 2.5-inch diameter \'ratch glass. During the 

Variac, '\',8.3 used to control the solution temperature. At 

ot~er times the beeker was placed directly on the magnetic 

stil"Y·e:.."" '\'!ith asbestos between the two to minimize heat 

transfer from the stirring motor to the solution. The 

te~perature of the solution could be monitored by i~~ersing 

in it a "che:{'mistor which Tllas vlired to a voltage supply 

o 0 , 

ClrCL.:l ~c . The current passed by the thermistor had been 

cal:i:o:-'s.ted with respect to the temperature. A glass-

encased ~agnetic flea, 1 inch in length, was rotated by 

the magnetic stirrer to provide stirring action. vmen the 

stirring motor Variac was set at 50 (half scale) the flea 

rotated in the solution at about 500 r.p.m. 

Preparation of silver-antimony-glass plating surfaces.--

TI~e 3ilver-antimo~y-glass disks were prepared by vacuum 

evaporation of antimony follov-red by silver onto glass disks. 

TI,es2 cii sks vIere made from O. 05-inch thick soft glass and 

had dia~eters of 01.5 inches. A center hole, 0.13 inches in 
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diar.leter ~ '(:ras provided for the suspending glass rod 'Vlhen 

plating poloniuj,1 or foY' the contact scre'\'J when plating lead. 

L'1e glass d.isks \'Tere re~sed by d.issolving "cTle silver and 

antim.ony v/i th hot concentrated nitric acid and cleaning 

",i tn soa~.) and water followed by a 30-minute treatment with 

10jj potassium hydroxide. These disks 'Vleir;hed about 3 grams. 

Prepar2tion of silver-foil cisks.--Tne silver-foil 

disks Vlere prepared by punching 1.25-inch diameter circles 

f'r'Oli1 =·~atheson, :.:'eagent grade silver foil (0.005 inches 

thic:{) . A O. 13-inch diameter' ho le was punched in the center 

0: es.c:. disl-c to ~lccomrnodate the suspending glass rod or the 

CO~1t2ct screw. l,rDen used for plating polonium, the back 

and eC6es of each disk vJere painted v-ri th glyptal to prevent 

deposi"cion 0:'1 these surfaces. The area of one side of 

'cnese disks "tlaS 7.8 sq. cm. IJDen the disks Vlere glyptalled 

foy' the deposi tion of polonium, this area was reduced to 

about 7.0 sq. cm. and "tIhen they were placed in the plating 

apparatus, the area exposed for lead plating was also about 

7.0 sq. cm. T.'1ese disks each weighed about 0.8 grams. 

Preparation of polonium-210 solutions.--A stock 

polonium-210 solution was prepared by milking a radium-D-E-F 

solution. TDis was done by spontaneous electrodeposition of 

the polonium-210 from a 0.5F HCl solution onto a silver

plated platinum base at 95°C. Tne Silver and polonium were 

then dissolved in 1.5 ml. concentrated nitric acid, the 
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solution diluted to 50 mI., the silver precipitated as 

silver chloriGe by 2ddi~0 2 mI. 0.5F nCI~ and this pre-

rated ~o drY~--"'2ss 2nd 10 rf::" of 6F HCl added. 'E"1e solution 

~2S 2sain evaporated to dry~ess~ 1 mI. concentrated HCl 

to 0.5F in HCl by dilution 

to 2:5 :.:1. ":.'i<~~~e plc:.-clnE 2Yld p::.."'ecipi tation steps were re-

pea"ce:-3. once r.:ore to Jurify the polonium-2l0 and the final 

solution di~uted to 250.00 mI. in a volumetric flask to 

give t::e s"coe;:--c poloniurn-210 solution (0.5F in Hel). vlhen 

prepc:.~2~~ t~is solution r3d an alpha-activity of about 

i700 '" -'J m I:::; ""'; _ \,.;. • ..:.. .... .1.... -" ... ll....1... It was used over a period of 2.5 years 

to PY-2ix3.re working po 10nium-210 solutions which had alpna-

2.c:civi-cies of 2.bou-C 70 c.p.m./5 mI. T'nis "'laS done by 

tr&~sferrin6 the required volume of the stock solution by 

pipet to 2. 250-ml. volur.'letric flask, adding an amount of 

cO::-le;2~"'itrated Hel so that the final solution '\'lOuld be 0.5F 

in EC1~ and diluting to 250.00 mI. with distilled water. 

TI"1e specific activity of the polonium-210 in these working 

solutions was determined from time to time by evaporating 

l-r.ll. aliquot portions to cryness on the silver plating 

disks and counting the alpha-activity. 

'_'~'1e rate of de1:)osi tion of polonium as a function of 

t::2 -;~er:'.per-ature. --T'ne plating solutions were prepared by 

t -00-o a.l. -:::.1. 

15.00 mI. of the pblonium-210 stock solution 

beaker and diluting to 20 mI. with O.5F Hel. 
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'Ynese solutions contained em a~)~--:.a-2c\~ivity of aoout 130 c.p.m. 

E2C~ ~~lution ~as raised to tho desired te~perature and a 

si:V2r-~8il ~isk hung in it for a period of time while the 

To conclude 

each plating, the silver-foil disk was removed and the solu-

tion 2,(L'lC;=-':d<'~ to it vJ2.ched back into the main so lution with 

1 r;;l. o. 5::;' ~~Cl. T'n2 c.is:-c VTaS rinsed with distilled Hater 

and alcohol~ air dried, and counted. It was then returned 

to t~e solutio~ ~or additional plating. Tn,is process vJ2s 

. Z'1e final plating vJ2s at least 9 hours 

in len3th and served to re~OV2 all the remaining polonium-210 

fro::, solutio~~.. Tn2 activity on this last plate Has assumed 

to be the ll~Jlateable 11 polonium-210 acti vi ty originally present 

in ~n2 solution and was used to calculate the fractions plated 

out in the previous platings. 

The r2:ce of dc'oosition of Dolonium as a function of the 

vol~::,e. --:2ach plating sol'Jtion Has prepared by transferring 

15.CO ml. of the polonium-210 stock solution to a 100-ml. 

beaker or, in the case of the 150 ml. solution, to a 200-ml. 

tallform beaker and diluting to the desired volume with 

0.5F Hel. Each solution contained an alpha-activity of 

about 130 c.p.m. The plating procedure was performed in 

the sari:e way as the temperature study but at room temperature. 

De~osition of lead or bismuth under polonium-210 platin~ 

corc:::':.. ·cions. --Fi ve separate solutions were used in this experi-

me~"1t • Tne first tNO of these solutions contained 5.00 ml. of 
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.fJ. silver-

fa::." 3 ~-~o ___ ::.."'s &"C :-'00,:1 ter.:pe::('atu2."e. 'Ele di sks were then re-

moveC, 7i~sed with 0.5~ ECl, dried in a 1100C. oven, and 

~lC t~~rd p16tin~ solution (4-66-59) contained 10 p~. 

leai in aidition to t~e thorium-232 solution. The disk used 

,;las ::::>1:::"::;20. 2nd treated in the S2me way as the first hiO disks. 

~~nallYJ in order to standardize th~ thorium-232 solution, 

h:'o c~is~~s (1~-65-701 4-65-77) VJere electroplated with lead from 

a O.S? ~Cl solution usinz 10 mg. of the lead carrier 'and the 

yiel~ determined gravimetrically. 

'~~e e~:ect of hvdr2zine o~ the deposition of Dolonium.-

'The 20-:n.1. plating solution contained 5.00 ml. of the working 

po~oniu~-210 solution and was 0.5F in HCl and 0.05F in hydra

zine dihydrochloride. Deposition was performed on a silver

antiy;:ony-glass dis;{ fo:c 4 hours after which time the disk 

was re~oved, rinsed with 0.5F Eel, air dried, and counted. 

~~e e?fect of mercury, tellurium, platinum, ~old, and 

ferric iron on the deposition of polonium.--Each of the solu

tions used in thi s experiment contained 5.00 ml. of the viork

ins polonium-2l0 solution, 0.130 or 0.260 g. of hydrazine di

hydrochloride (0.05 or O.lOP respectively) and milligram 

qU2::Y~i ties OI~ 'ehe interfering ions : mercury, tellurium, 
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d::·yn.::..:::s, 2:::6 ::'cG.i'::'30Ived in dilu"ce :SCI), auric chloride-

A l"ec.uction s-cep was used in which the 

801~tion w~s adjusted to 7F (20~) or 0.5F in Hel and heated 
.. 

nC:2:::~ t1~c boi J.ill[.:c I)olnt ~Cor perioas 0 f ti'rt:e ranging from 10 

':::-1e so Iu tion VJas then adjusted to 20 ml., 

~-~Cl c::.nQ c::.ny precipi tate which had formed' \'iaS 

S2~c::.~atec. by filtr2tion. Plating 'i'Jas then atter:1pted by 

SUS)2:::dir:6 silve::."-antimony-glass disKs in the filtrate at 

roc.,-, -(;e:'i~')er2.ture while the solution 't';as stirred at 500 r.p.m. 

Controlled--ootential electroDlating apparatus. --Tne ap-

parc::.tu3 used for the controlled-potential electrodeposition 

of 1e26 is shol'm in Figure 2-2. Tne parts were mounted on 

a Sa:.:-':;en-c Electrop.n&lyzer which provided the stirring motor. 

':CDe t:~2:'1s:Lstorized potentios'cat "las designed to control the 

po-ce.ycial of the working electrode to +20 mV. when the cell 

curr'en"c was in the range 0-200 rna. Tne potential of the 

working electrode relative to the saturated calomel reference 

electrode was monitored with the aid of a Beckman Model-G 

pH Meter as a potentiometer and the cell current recorded 

usir"g an Esterline-Angus Graphic Ammeter. The mercury pool 

con~&ct was found necessary to provide low reSistance con-

tac'c jetVJeen the cathoGe circuit and cathode assembly "ihich 

was :eot2.teci. at aoout 300 r.p.m. 'Ihe saturated calomel 
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electrode ar~ and ~h2 2~ode could be rotated to allow re-

~~e silver-foil disk 

se~~~~ to ~h2 ~:~ss d~sk~J to prevent plating on the rear 

s~opcock zrease around the outside 

~.-.2 '~:"r):,:"cc:.:' lec:.c. l)12tinz p::. .... ocedure began viith the 

bec:.ke::." conts.ininz the plating 

so:~t:.:..o~ r~ised until t~e solution was a~ove the level of 

'L12 sti::,""ring f:lO-COr vlaS started and plating 

.tcf 1cer 30 rl1inutes, the beaker ViaS quickly 10v-lered 

(;';':-ci:2 '::r-.e stirring r .. ;otor and the current remained on) and 

a ~eak2r of distilled water raised into position to flush 

t:-.2 catllode free of electrolyte. Tne lead-plated silver-

l"oil G.~s:,,: ~~~rG.S then rerr~ov2d f:.")ow the asserably, the rear side 

i'Ji~J2c:. ;':.:'22 of grease ;:li th a benzene soaked tissue, the 

disk rinsed in benzene and then alcohol, and weighed after 

air c:;·yins. 

~)2co:."'(['oosi tion potential for lead from a ta:."trate med"; un.--

A~ e:ectroplating solution was prepared containing 5.00 mI. of 

18c.c ccc:."::. .... ier solution (10 mg. lead)., 600 mg. sodium tartrate 

o.:!..r-.yc.Y'ate, 260 mg. hydrazine dihydrochloride" and 20 ml. 



tc~~~~l ~C~052 ~~2 c211 ~~til the tesired ~urrent flowed. 

_--)_-_-',_-;-_)_c._~~_-_·::_·~_:,~_~_-o_~_-:_o_f_·_-::_:-._,"--_~_1_c_,c_·-c_:_C:_::_.~_~·_-:-·_i_e_:c_~·_s_0_1_'_u_t_i_o_n. --0 .6712 g. 

were dissolved in 

2.~JO----= .. ·C 200 ::.1. 01" hot dis:cillec. Hater' and the pH c::djusted 

to z~c~~ 4 t~~h ve~y dilute E01. TIli s so lu tion \'7aS then 

di:~~2d to 250.00 21. in u vol~xetric flask giving 10.00 

'I'he lead concentration was checked by 

po12~osr2~hy and found to be 10.0 + 0.1 mg. lead/5 ml. 

of" grade, 

l:e~{;e c:.::'ssolved in 8.3 ::11. concentrated HCl and this solu-

tion t~2.nsferred to a lOO-ml. v61umetric flask where it 

Vl2.S ciiluted to 100.00 y;-;1. v'Tith distilled water. Tn.e calcu-

lated thoriulT,-232 activity "12S 2.07 x 103d •p . m./5 m1. but 

due to the a8sence of radioactive equilibrium the daughter 

activities were less than this value. Calibration of the 
• 

thorium nitrate by ga~ma-spectrometry indicated that the 

activity of the radium-228 group was 62 + 5% of the equilib-

riurn value. T?1is would mean 1300 100 d.p.m./chain 

member/5 mI. of solution. 
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Attenuation of polonium-210 alpha-radiation by electro

chemically deposited lead.--A silver-foil disk was placed 

in the lucite cathode piece and polonium-210 deposited from . 

20 ml. of the stock polonium-210 solution (about 170 c.p.m.). 

The disk was then removed, cleaned of grease, rinsed in 

alcohol, dried and weighed. 

A lead plating solution was prepared from 20 ml.·0.5F 

HC1, 260 mg. hydrazine dihydrochloride, and 600 mg. sodium 

tartrate dihydrate. The pH was adjusted to 4.8 with about 

2.2 ml. 5F NaOH. 2.00 or 5.00 ml. quantities of the lead 

carrier solution (4 and 10 mg. of lead respectively) were 

transferred to this solution by pipet before each plating 

of lead. The procedure for depositing the lead was begun 

by mounting the silver-foil disk (containing the polonium-

210 and any previously deposited lead) in the lucite cathode 

piece. The lead was then deposited at a cathode potential 

of -0.70 v. vs. S.C.E: for at least 1 hour and the disk re

moved, cleaned of grease, rinsed in alcohol, dried, weighed 

and counted. This procedure was repeated five times. 

Polarographic determination of lead plating yield.-

Tqree plating solutions were prepared containing 20 ml. 

0.5F Hel, 5 ml. distilled water, 600 mg. sodium tartrate 

dihydrate, 260 mg. hydrazine dihydrochloride and 5.00 ml. 

lead carrier solution (10 mg. lead). The pH of each solu

tion was adjusted to 4.6 with 5F NaOH prior to plating. 

The lead was deposited at a cathode potential of -0.70 V. 
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vs. S.C.E. for 20 minutes, 30 minutes, and 40 minutes 

respectively and the lead yields determined gravimetrically. 

The volume of electrolyte remaining from each plating was 

reduced to less than 50 mI. and then adjusted to 50.00 mI. 

with distilled water in a volumetric flask. The amount of 

undeposited lead in these solutions was determined polaro

graphically by comparing the wave height for each solution 

to that of a standard solution prepared by the same pro

cedure as the original three solutions. 

The lead plated silver-foil disks were stripped of lead 

with concentrated nitric acid. The resulting solutions were 

evaporated to dryness, the residue redissolved in 30 mI. 

0.5F ni t ric aCid, and any silver, which had dissolved during 

stripping, was deposited electrogravimetrically on platinum 

gau ze at a cathode potential of +0.30 F. vs. S.C.E. The 

completeness of removal of silver was determined by with

drawing several drops of solution and adding RCI. The 

lead di oxide, which deposited on the anode during electrol

ysis, was removed with dilute RCI and combined with the 

nitrate electrolyte. A small silver chloride precipitate 

usually appeared at this point. The combined solutions 

were taken to dryness and the residue, except for the silver 

chloride, redissolved in O.lF RCI. The volume was then 

adjusted to 50.00 mI. with additional O.lF RCI. The lead 

in these solutions was determined polarographically using 

comparison standards. 
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Analysis of the Katanga pitchblende for polonium-210 .--

0.0199 g. of the pitchblende '.'lere treated with 5 ml. aqua 

regia, warmed 30 minutes and evaporated to dryness. This 

treatment was repeated with a second 5 ml . portion of aqua 

regia and finally ~'li th 2 ml. concentrated HC1. 5 ml. o. 5F 

HCl \'lere added and a crystalline white precipitate, which 

had been present since the aqua regia treatment, was 

separated by filtration. The alpha- activity of this 

precipitate on the filter paper was found to be about 13 

alpha-c.p.m. or less than 1% of the activity per chain 

member for the total sample. The filtrate was diluted to 

50.00 ml. with 0.5F HCl in a volumetric flask. 

The polonium from 5.00-ml. aliquot portions of this 

solution was deposited for 11 to 14 hours on silver-foil 

disks and the alpha-activity determined. 

Analysis of the Kivu thorite for lead-212.--5 to 10 mg. 

samples of the thorite were weighed out, 5.00 ml. of the 

lead carrier solution added to each, and these solutions 

evaporated to dryness. Each residue was treated twice 

with 2 ml. aqua regia, warmed 30 minutes and evaporated 

to dryness. This treatment was repeated once more with 

·1 ml. concentrated HCl and the residue from this last 

evaporation dissolved in 20 ml. 0.5F HC1. In each solution 

a very small white precipitate remained but was ignored. 

260 mg. hydrazine dihydrochloride and 60'0 mg. sodium tartrate 

dihydrate were added and the pH adjusted to 4.7 with 5F NaOH . 
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The lead was depo~ited at -0.70 V. vs. S.C.E. for 30 minutes 

from each sample and the alpha-activity determined. 

Separation of polonium-210 and lead-212 from synthetic 

mixtures. --Several separate experiments were performed on 

synthetic mixtures of the polonium-210 and thorium-232 

solutions. The various treatments given these solutions 

are listed below. 

5-11-1: 5.00-ml. aliquot portions of a diluted 

polonium-210 working solution and of the thorium-232 solu

tion were mixed, 5.00 ml. lead carrier solution added, and 

the volume adjusted to 20 ml. with 0.5F HC1. The polonium 

was deposited on 2 separate silver- antimony-glass disks . 

600 mg. sodium tartrate dihydrate were added and the pH 

adjusted to 4 with 5F NaOH . The lead carrier was then 

deposited on a third silver- antimony- glass disk and the 

yield determined gravimetrically. 

5-11-2: 5.00-ml. aliquot portions of a diluted 

polonium-210 working solution and of the thorium-232 solu

tion were mixed and evaporated to dryness. 2 g . sodium 

peroxide were added to the reSidue, these combined solids 

dissolved in 10 ml. 20% HCl and taken once more to dryness. 

The residue was dissolved in 3 ml. 20% HC1 , 260 mg . hydrazine 

dihydrochloride added and the solution carried through a re 

duction step in which it was heated 1 hour near the boiling 
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point and then evaporated to dryness. The residue was taken 

up with 15 ml. 0.5F Hel, 5.00 m~ . lead carrier solution 

added, and the polonium and lead deposited as with solution 

5-11-l. 

5-11-3 and 4: Tnese solutions were prepared and treated 

in the same way as 5-11-2 with the exception that no sodium 

peroxide was added. In addition, these solutions contained 

2 mg . ferric iron plus 0.1 mg. each of mercury, tellurium, 

platinum, and gold . After the reduction step, the solutions 

were 't'mrmed until the 'yellow ferric ion had disappeared 

(about 15 minutes). 

Preparation of the uranium-thorium solution.--0.0259 g. 

of the Happy Jack uraninite (Gs/64/51) were treated with 

boiling aqua regia for 15 minutes yielding a solution plus 

five or six white particles which remained undissolved. The 

solution was carefully evaporated to dryness and the residue 

treated with 2 ml. concentrated He1 ~nd 41 m1. distilled 

water giving a 0.5F Hel s'olution which was left for several 

days. After this period the solution was filtered through 

paper which was later found to have an alpha-activity of 

about 3 c.p.m. or about 0.1 c.p.m./5 ml . of final solution. 

0.1223 g. of the Kivu thori te 't'lere treated wi th 20 ml. 

aqua regia for 1 hour giving a solution plus an amorphous 

white preCipitate and some brown particles . The solution 

was carefully evaporated to dryness, 2 ml. concentrated Hel 

added, and the solution again taken to dryness . The residue 
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was taken up in 2 ml. concentrated Hel and 41 ml. distilled 

water giving a O.5F Hel so lution which "laS left for several 

days. The clear solution: was removed from the nO\<T crystal

line white precipitate by decantation and the precipitate 

treated again with 45 ml . 0.5F Hel. This solution was 

filtered and the filtrate combined with the main solution . 

Alpha-counting of th~ filter paper showed 40 c. p.m . or 

about '0.8 c.p.m./5 ml . of final solution. 

The solutions of uraninite and thorite were combined 

and diluted to 250.00 'ml. vnth 0.5F Hel in a volumetric 

fl ask . Pn analysi s for the uranium in this combined solu

tion vvas performed by Dr. Silver using the isotope dilution 

method. The analysis showed 0.000372 g. uranium/5 ml. of 

solution. 

Preparation of the Pacoima zircon solution (5-38-1). --

1. 8478 g . of the zircon were fused in four separate portions 

for 10 minutes in nickel crucibles. 2 . 5 g. of ~odium peroxide 

were used for each portion . In each case the solidified melts 

were treated with 10 ml . 1.5F Hel and transferred to the same 

beaker where the solution was made acidic by slowly adding 

25 mI. concentrated Hel and evaporated to dryness. The 

residue was taken up in 0.5F Hel leaving a crystalline pre 

cipitate and an amorphous silica precipitate. These were 

al lowed to settle 9 days, then separated from the solution 

by cent~ifugation and transferred to a filte r paper, which 

was then ashed leaving a 2.240 g. residue. Semi - quantitative 
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spectrographic analysis indicated that zirconium and silicon 

were the major constituents and alpha-counting showed negli

gible activity. Tne solution was transferred to a volumetric 

flask and diluted to 100.00 mI. with 0.5F Hel. 

Preparation of the Pacoima zircon solution (7-63-1).--

0.656h g. of the zircon were mixed vJith 1 g. of sodium 

hydroxide pellets and 4 g . sodium peroxide. This mixture 

was fused for 10 minutes in a nickel crucible. The solidified 

melt was treated with 10 mI. 1.2F Hel and transferred to a 

beaker. Roughly 10% of the zircon appeared to be unaffected 

and vvas treated a second time with a fusion mixture composed 

of 2 g . sodium peroxide and 1 g. sodium ~ydroxide. The 

solidified melt from this fusion was treated ~dth an addi

tional 14 mI . 1.2F Hel and combined with the first solution. 

The pH vJaS adjusted to 1.0 wi th concentrated He1. The 

silica precipitate was separated by centrifugation and 

transferred to a Teflon beaker where the silica was separated 

by distillation by adding 12 g. perchloric acid and 25 g. 

hydrofluoric acid and '\.·Jarming. The residue from this dis

tillation was taken up in 0.5F Hel. A very slight residue, 

which appeared to be unattacked zircon, remained undissolved. 

This solution was combined ~th the main solution and diluted 

to 500.00 mI. with 0.5F Hel in a volumetric flask. The re

sulting solution was free of any appreciable colloidal 

material as evidenced by the absence of a Tyndall beam. 
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Dithizone extraction of lead carrier from solutions 

of the Pacoima zircon .--To the 170-ml. solutions remaining 

after the deposition of polonium, were added 25 ml. 25% 

ammonium citrate solution, 2 ml . 1% potassium cyanide- -5% 

ammonium hydroxide solution and 12 ml. 20% ammonium hydroxide 

bringing the pH to about 9 . The lead was then extracted 

with 70 ml. chloroform containing 15 mg . diphenylthiocarbazone 

(dithizone). 60 ml . O.lF Hel were used to back extract the 

lead and the chloroform-dithizone phase was recycled seven 

times between these two aqueous solutions while the pH of 

each solution was maintained at its initial value. Finally, 

all the dithizone was removed from the O.lF Hel solution 

(which now contained the lead) by extraction with fresh 

chloroform. 

The volume of the O.lF Hel solution was reduced to 

about 40 ml . by evaporation and 260 mg. hydrazine dihydro 

chloride and 600 mg . sodium tartrate dihydrate added. The 

pH \.<Jas adjusted to 4.7 wi th 5F NaOH and the lead deposited 

by controlled-potential electrolysis. 
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3. DISCUSSION OF RESULTS 

Procedure for Plonium-2l0 

The plating apparatus used for the spontaneous electro ": 

deposition of polonium-210 is shown in Figure 2-1. Several 

varieties of silver surface were used. These surfaces had 

to conform to the following polonium and lead plating and 

counting specifications. 

1. They had to have sufficient mechanical strength 

to survive the cleaning, plating, and rinsing 

pro cedure s . 

2. They had to weigh less than 2 grams to allow 

determination of the weight of a 10 mg . lead 

deposit to 1% (assuming the weighing is good 

to one part in 20,000). 

3. They had to possess cylindrical symmetry for 

alpha- counting. 

4. They had to be free from irreproducible surface 

characteristics that could alter the decomposition 

potentials of polonium or lead . 

5. They had to have as large an area as possible 

(limited, of course, by the dimensions of the 

plating apparatus and counting detector) in 

order to shorten the plating time . 

6. They had to allow plating on only one surface 

in order to eliminate the nee d t o count two 

surfaces. 
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~vo types of silver surface came closest to fUlfilling these 

requirements. Tne first was prepared by the vacuum evapora

tion of a thin layer of antimony followed by a thicker layer 

of silver onto soft glass disks (about,O.2 mg ./sq. cm.). 

These '\,vere referred to as silver- antimony- glass disks . The 

antimony served to bond the silver to the glass and allowed 

the surface to survive the chemical and mechanical rigors 

of immersion in t he stirred 0.5F He l polonium plating solu

tions. The antimony must have been protected by the silver 

from chemical a ttack or the 0.5F Hel would have quickly re

moved it. This me thod of preparation provided reproducible 

plating surfaces and eliminated the need for preliminary 

cleaning . The disks each weighed about 3 grams and' were 

very inexpensive because 30 or more could be prepared at 

one time from a small quantity of Silver. However, after 

about 5 repeated uses of the same glass disks, the newly 

evaporated silver surfaces were no longer strong enough to 

withstand the 0.5F Hel and the use of this type of surface 

was discontinued . 

The second type of silver surface consisted of disks 

punched from reagent grade silver foil. These naturally 

possessed the required mechanical strength but needed 

greasing or painting to prevent plating on the rear surfaces. 

,Each disk weighed only 0.8 grams. 
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The experiments performed were designed to determine: 

1. the rate of deposition of polonium as a function 

of the temperature of the solution; 

2. the rate of deposition of polonium as a function 

of the volume of the solution; 

3. whether any lead or bismuth codeposit with the 

polonium; 

4. the effect of hydrazine on the deposition of 

polonium; and 

5. methods for eliminating the inhibiting effects 

of mercury, tellurium, platinum, gold, and 

ferric iron. 

If the rate of depOSition of polonium is diffusion 

limited, it should be given by the first order equation 

dC 
dt 

DAC 
Vd ' (3-1) 

where D is the diffusion coefficient of the reacting species 

of polonium, A is the area of the deposit, V is the solution 

volume, d is the thickness of the diffusion layer, and C is 

the bulk concentration of the polonium (12). Bagnall (13) 

gives the expression 

dx DA( ) 
dt = Vd Xo - x (3-2) 

for the rate of deposition of polonium from 0.7% nitric acid 

solut ion.. Xo is the initial amount of polonium in solution 
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and x is the amount deposi ted. Dividing x and xo by the 

volume produces equation 3-1. Haissinsky (32) presents 

the relationship 

~~ = a(xo - x) - bx 

where a and b are cons tants related to the probabilities for 

ionic dischar ge and for dissolution of the deposited atoms 

respectively. This equation is said to fit curves for the 

cathodic deposition of polonium at a concentration of lO-9F 

onto gold from O.5F nitric acid, the cathodic deposition of 

polonium from an alkaline medium, and the anodic deposition 

of polonium from an acidic medium. Integration of equation 

3-1 between t = 0 and t gives the expression relating .the 

fract i on of polonium remaining unplated, Ct/Co ' to the 

deposition time, t, 

(3-4) 

Two separate experiments were performed in order to determine: 

a) the time to plate one-half of the original polonium, t
l
/ 2 , 

and b) values for DA/Vd and D/d as fUnctions of the tempera-

ture and volume. The results of these experiments are shown 

in Figure 3-1 and 3-2 and in Tables 3-1 and 3-2. The frac-

tion remaining unplatea at any time was calculated on the 

basis of the total amount finally plated, while the frac-

tional yield was calculated from the amount of polonium 
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TEMPERATURE 22° TO 30° C 

~ 0.01~----~----2~----3~----4~----5~----~6----~7---
0:: 
li.. TIME, HOURS 

Figure 3-2 . Rate of deposition of polonium as 
a fUnction of the volume. 
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TABLE 3-1. Deposition of Polonium-210 

as a Function of the Temperature. 

volume range = 20 to 23 inl. 

Temperature 

~ 
Fractional 

Disk No. Range DACld D~ Yield 
(ce. ) hours (l/hour) (em. our) 

7-5-1 Po 230 _260 0.20 3.5 10.5 0.94 

7-8-3 Po .240_26° 0.25 2.8 8.4 0.95 

7-5-2 Po 490_510 0.12 6.0 18.0 0.93 

7-5-3 Po 790 _810 0.06 10.7 32.1 0.94 
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TABIE 3-2. Deposition of Po1onium-210 

as a Function or the Volume. 

temperature range o 0 = 22 to 30 c. 

Volume 

~ 
Fractional 

Disk No. yang) D~Vd D7d Yield 
ml. hours (lour) {em. hour) 

7-8-1 Po 150-153 1.60 0.43 9.3 0.93 

7-8-2 Po 75- 79 0.90 0.77 8.5 0.94 

7-8-3 Po 20- 24 0.25 2.8 8.8 0.95 

7-5-1 Po 20- 23 0.20 3.5 il.O 0.94 
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originally present'as determined by evaporation of aliquot 

portions of the polonium solution. D/d in Table 3-2 is not 

constant with volume but this may be explained by variations 

in d caused by differing distances between the rotating 

magnetic flea and the silver surface. The values for t l / 2 
allow estimation of the time to quantitatively plate the 

polonium-210 which is available for plating (i.e., about 

six times t l / 2) . The data under "Fractional Yield" indicate 

that the yield of polonium in this concentration range is 

independent of the volume or the temperature of the solution. 

The location and state of the unplated polonium remains un-

certain. 

The results of experiments performed to determine the 

extent to which trace quantities of lead or bismuth deposit 

onto silver from O.5F Hel are shown in Table 3-3. "Activity 

at t = 0" refers to the value of the lead-212 transient 

equilibrium curve when extrapolated to the time of removal 

from the solution. These results indicate that 0.5% or 

less of the available lead-212 or bismuth-212 plated out 

when no lead carrier was present and that only 0.2% plated 

out when 10 mg. of lead carrier were added. Thus codepo~ 

sition of lead and bismuth with polonium-210 becomes a 
• 

problem only when the ratio of the activity of the radium-228 

group to that of the lead-210 group in the sample is very 

large. Even when these conditions prevail, the lead-212 
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TABLE 3-3. Deposition of Lead or Bismuth 

from 0.5F ReI onto Silver. 

Fraction of 
10 mg. Activity Total Activity 

Disk No. Pb Carrier Plating Time at t = 0 Plated 
(hours) (c.p.m:)" 

4-66-68 no 3 1.0 .:!: 0.2 0.0028 

4-66-41 no 3 1.7 .:!: 0.3 0.0046 

4-h6-59 yes 3 0.7 .:!: 0.1 0.0018 

4-65-70 362 .:!: 3.3 
(star-daro ) 

4-65-77 362 .:!: 3.2 
(standard ) 
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and bismuth -212 will have decayed to negligible levels within 

several days following deposition and the polonium-210 activity 

can then be determined . 

The effect of hydrazine on the deposition of polonium-210 

had to be determined because of its presence after certain 

reduction steps whi ch will be discussed below. A recovery of 

96% of the polonium-210 was achieved when hydrazine was present 

at a concentration of 0.05F as compared to 95% when it was 

absent. Tnus the effect of the hydrazine is seen to be negli

gible. 

As discussed in the Introduction, most of the methods de

vised to deal with substances which inhibit the deposition of 

polonium involve their reduction to a less troublesome oxida

tion state . A series of experiments was performed to devise 

a method for removing the inhibiting effects of mercury, tel

lurium, platinum, gold, and ferric iron by the use of hydra

zine alone. The results of these experiments are summarized 

in Table 3-4. The absence of yellow color was accepted as 

an indication that the iron had been reduced to the ferrous 

state . Solutions 1, 2, 3, and 7 demonstrate that complete 

reduction of the ferric iron can take place only after dilu

tion of the 7F Hel to 0.5F. If this procedure is followed, 

approximately 2 mg. of ferric iron per 30 ml. of solution 

(10-3F ) can be tolerated. Solutions 4, 5, 6, and 7 indicate 

that a mixture of 0.2 mg. (or more) each of mercury, tellurium, 

platinum, and gold definitely inhibits polonium deposition 
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even though the reduction procedure in 7F Hel is followed. 

The tolerable amount of any of these elements is much higher 

than that normally encountered in rock analyses and therefore 

these elements should cause no trouble. In all cases where 

low yields o f polonium were obtained, the silver surface was 

blackened; thus the criterion used to establish whether the 

hydrazine reduction step was required was the presence of 

darkening of the silver surface. When the reduction step 

was required, the procedure followed was to heat the 7F HCI 

solution saturated with hydrazine dihydrochloride for 30 

minutes near the boiling point, cool it slowly, and separate 

any precipitate by centrifugation or filtration. The solu

tion was then diluted with distilled water until the HCI 

concentration was reduced to 0.5F, warmed until colorless, 

and the polonium deposited at room temperature for a length 

of time determined by the volume of the solution. It was 

most convenient to plate overnight and then perform the lead-

212 analysis early the next day. 

Procedure for Lead-2i2 

The electroplating apparatus used to plate lead ,had 

to incorporate the following features: 

1. some provision for stirring the solution; 

2. dimensions which would keep the volume of the 

solution as low as possible (to shorten plating 

time ); 
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3. an arrangement allowing removal of the electro

plated disk for weighing and"counting; and 

4 . a rererence electrode to monitor the potential 

of the working electrode and a potentiostat 

'V-lhich could control that potential to +0.20 

volts. 

The s e features were a"dded to a Sargent Electroanalyzer as 

shown in Figure 2-2. Cathode potential control was required 

to prevent hydrogen evolution which not only produces rough 

lead deposits but, in "this apparatus, can block the electrode 

completely if large bubbles form. 

The plating procedure outlined by Lingane (12) was 

modified for use under the present conditions. After plating 

the polonium, the 0.5F HCl solution containing 0.05F hydrazine 

and 10 mg. lead carrier was made O.lF in sodium tartrate and 

the pH adjusted to 4.5-5.0 with 5F NaOH. The current vs. 

cathode potential curve of such a solution taken with the 

present apparatus is sho'V-m in Figure 3-3. On the basis of 

this curve, a cathode potential of " -0.70 v. vs. S.C.E. was 

chosen for plating the lead. 

A lead carrier solution containing 10.0 mg. lead/5 ml. 

was prepared . In addition, a solution of thorium nitrate 

was prepared as a source of lead-212. 

A series of experiments was performed in order to 

determine: 
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1. the fractional attenuation by the lead carrier of 

the alpha-activity from bismuth-212 and polonium-

212; and 

2. the reliability of the gravimetric method for de-

termining the yield of lead carrier. 

As illustrated in Figure 3-4, the thickness of the lead 

layer through whi ch alpha-particles must pass to reach a 

detector determines th"e average fractional solid angle, fa' 

subtended by that detector. For alpha-particles of a par-

ticular energy emitted at a depth, x, in a layer of lead, 

there must exist a maximum path length, L. Alpha-particles 

travelling the distance L arrive at the detector with zero 

kinetic energy having expended their initial energy in pene-

trating the lead and air. 

The equation relating L to the known parameters of the 

system is 

1 
r:,-

Pair €' 1 
= R-:- 7 + SR € 

alr air 

mg Pb 
A 

where R refers to the range, P is the density, €'= RPb/R~ir = 

3.15 - 0.64 log (EI/4)-(0.41/R~ir) (primed quantities denote 

residual values remaining after emergence from the lead into 

the air), € = 3.15 - 0.64 log (E/4)-(0.4l/R or)' and mg Pb/A al . 
is the areal density of lead, xP pb ' The curves for this 

fUnction for the alpha-particle energies corresponding to 

polonium-210, bismuth-212, and polonium-2l2 are shown in 

Figure 3-5. They deviate very little from straight lines 
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AXIS OF THE DETECTOR 

D 

/ 
DETECTOR 

SAMPLE 
S lair AIR 

.... '. " . . ... . ··· · · · X . .. ..... .. .. . .... . ......... . . . . . . I .. ' . . . , ' .. 
. ' .. ,'. '.: .... . . .." . _ .. pb: : .. .. . ...... .' . '. : '. ' LEAD 

Figure 3- 4 . Counting geometry for alphas 
passing through lead. For the 
situation under discussion: 

and s» x. 
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over the region of areal density under consideration (i.e., 

less than 5 mg ./sq. cm.). 

Knowing IlL and measuring or assuming values for Sand 

D allows the calculation of fa' Curves for fa vs. L and IlL 

are shown in Figures 3-6 and 3-7 . The precise calculation 

of f is impossible because of the difficulty in measuring 
a 

Sand D accurately . The linear portion of the fa vs. IlL 

curve can be described by the equation 

f = (0.5 S)(l/L) + b a (3-6) 

for which the slope is 0.5s. The data from Figures 3-5, 3-6 

and 3-7 were combined to yield the curves, shown in Figure 

3-8, of fa vs. mg. lead for polonium-2l0 on several areas . 
• 

It should be noted that for each area, there is a charac-

teristic slope for the linear portion of the curve. This 

slope is independent of S because if equation 3-5 is substi

tuted into equation 3-6, 

slope = (0.5 s) (l/SRair EA) 

A plating experiment was performed in which the activ

ity due to an initial deposit of polonium-2l0 was measured 

as a function of the -weight of lead .plated over it. Now 

(measured activity, c.P.~.) = fax fd x (true activity, d.p.m.) 
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10 20 30 
WEIGHT LEAD, mg 

D= 2.22 em 
S=0.3.5 em 

AREA= 4.0 5.0 • 6.0 7.0 sq. em 

10 20 30 40 50 60 

WEIGHT LEAD, mg 

Figure 3-8. fa as a function of the weight of 
lead for various deposit areas . 
The open circles are experimental 
points from the plating experiment. 
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where fd is the detection coefficient. Thus dividing the 

measured activity by the theoretical fa should yield a 

constant value for all weights of lead. As may be seen in 

Table 3-5, this was not found to be the case for the assumed 

values of 0.35 cm. for S, 2.22 cm. for D, and 7.0 sq. cm. 

for the deposit area . In addition, as was noted above, the 

slope of the experimental curve in the linear region should 

match that of the theoretical curve for the same area and 

this was not true. Now it was established above that this 

slope is not a function of S and fa is not a drastiC function 

o f D. Thus it must be assumed that the "effective" area of 

the deposit is not 7.0 sq . cm. Table 3-5 indicates that an 

effective area of 5.0 sq. cm. gives the most constant value 

for measured activity/fa. This conclusion seems reasonable 

since grainine ss would be difficult to avoid in electro

plating lead and just such a phenomenon would yield the ob

served results . The experimental pOints from the plating 

experiment are shown plotted as open circles in Figure 3-8 

for an area of 5.0 sq. cm. The insert in Figure 3-8 shows 

the calculated curve for fa vs./mg. lead for bismuth-2l2 

' and polonium-2l2 alpha-particles from deposits having an 

area of 5.0 sq. cm. The branching ratio for the decay of 

bismuth-2l2 is taken into account. It is apparent that for 

even the maximum quantity of lead carrier (10 mg.) used in 

the plating of lead-212, a correction of only 1% in the 

measured activity is required. 
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TABlE 3-5. Attenuation of Polonium-2l0 

Alpha-Activity by Lead. 

t.feasured Measured Activity/f~ 
\OJeight' Pb Activity Area (sq. cm.) = 4.0 5.0 6.0 7.0 

(mg.) (c.p.m.) 

4.3 137.9 355 352 351 : 350 

7.6 133.5 360 351 348 345 

1280 123.5 363 345 335 330 

22.0 104.0 403 354 328 312 

33.3 85.2 546 ~ 331 304 ---
Average (of first 4) = 370 350 340 334 

Average deviation = 16 3 9 13 
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The reliability of the gravimetric method for determin-

ing the yield of lead carrier was determined by polarographic 

methods. Platings of lead were made from a tartrate medium 

originally containing 10.0 mg. of lead and the weight of un~ 

deposited lead found polarographically in this same tartrate 

medium. The yield of lead on the disk was found by the 

conventional gravimetric method and the lead was then stripped 

with nitric acid and redetermined polarographically in a 

chloride medium . The results are shown in Table 3-6. Tne 

polarographic data, which are good to a few percent, confirm 

the gravimetri c data well enough to provide confidence in 

the latter method for determining yield. 

Experience sho\,led that there are several sources of dif-
• 

ficulty in the stripping of the lead deposit and in the polaro-

graphic determination of lead from a tartrate medium. When 

stripping the lead, a portion of the silver surface must also 

be removed in order to free lead which has presumably mi-

grated into the silver. A similar effect is observed with 

platinum ",here the surface must be protected by a layer of 

copper to prevent alloying with lead (12). The polarographic 

determination of lead in a tartrate medium is complicated by 

the fact that the wave height decreases with time. This is 

probably due to tartra.te precipitation of the lead since a 

white precipitate is observed to form after a period of 

time. For this reason, the polarograms were taken as soon 

as possible after the addition of tartrate. 
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TABLE 3-6. Polarographic Determination 

of Lead Plating Yields. 

Solution Solution Solution 
1 2 3 

\.might Pb deposited (by polarography) 2.7 mg. 3.8 mg. 7.2 mg. 

weight Pb deposited (by gravimetry) 3.0 mg. 3.8 mg. 7.3 mg. 

"might Pb undeposited (by polarography) 6.5 mg. 6.6 mg. 2.6 mg. 

original "reight Pb (check) 9~5 mg. 10.4 mg. 9.9 mg. 
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Alpha-Counting Correction Factors and the 

Calibration of the Procedure 

The detector us~d to count the alpha-radiation con

sisted. of a zinc sulfide screen applied with rubber cement 

to the face of an RCA 5819 photomultiplier tube. The sample 

and detector were both placed inside a light-tight box 

during periods of counting. The photomultiplier was coupled 

to a conventional electronic scaler and high-voltage power 

supp ly'. T'ne inflection point in the voltage vs. counting 

rate curve was determined from time to time and the counter 

operated at this voltage. 

In order to correlate counting data before and after 

changes in the high-voltage setting, a counting standard 

was prepared by plating a relatively large amount of 

polonium-210 (about 500 c.p.m.) on a Silver-foil disk. 

The intention was to count the standard before and after 

counting samples and to correct for the decay of polonium-210 

since some convenient base date. However, it was discovered 

that this procedure did not yield a constant value for the 

activity on the base date but rather a uniform decrease in 

the activity as the elapsed time from the base date in

creased (2 to 7% per month). This was interpreted as a 

decrease in the detection efficiency, f d , of the counter 

and had to be applied as a "counter correction" to, all 

counting data. .' 
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The other corrections applied to the counting data were: 

1. background (5 to 20 c.p.h.), 

2. decay since removal rrom radioactive equilibrium 

(i . e., since plating), 

3. plating yield (in the case or lead), and 

4 . selr absorption in the sample (in the case or lead). 

(corrected counting rate, c.p.m.) = (h i 1 i Id) r r 
true activity, d.p.m. c em ca y e x a x d 

where, as stated previously, ra equals the ratio or the aver

age solid angle subtended by the detector to 4 rc and rd is 

the detection coerricient. The right side or the equation 

will be rererred to as the "conversion ractor." ra cannot 

be accurately determined because the face of the photomulti-

plier bulges out in the center making the measurement of the 

source to detector ' distance very difficult. The product, 

ra x r d , ~ms not determined because a standard having the 

same dimensions as the samples to be counted could not be 

obtained. For these reasons, I acquired analyzed samples 

which could be used to determine the conversion factors 

for the lead-212 and polonium-210 analyses. 

The sample used to calibrate the. polonium-210 procedure 

was the Katanga pitchblende (MS-OR). This sample was ob-

tained directly rrom J. N. Rosholt who assured me that this 

sample was as close to equilibrium as any he had analyzed. 

Tne analytical data for this material is reported in the 
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literature (5). His results are expressed in the unit, 

"percent equivalent ," which .is defined as 

percent equivalent = 100 x weight equivalent U 
weight of sample 

where "weight equivalent U" is that weight of uranium which 

would support the daughter activity present in the sample 

in equilibrium . Using this terminology, the published 

analysis for this sample is: 

Katanga pitchblende (MS-OR) 

percent 
U 

44.96 

percent equivalent 
Rn-222 Pb-210 

42.9 42.5 

Thus there are 315 d.p.m./chain member/mg. pitchblende at 

t he lead-210 group. 

The lead-212 procedure was calibrated using a sample 

of the Kivu thorite obtained from L. T. Silver. The analyt

ical data for this same s~mple also appears in the literature 

where Poulaert (33) reports: 

thorium = (56.3 + 1.1)% 

uranium = (0.1 + 0.05)% , 

which means 138.5 d.p.m./chain member/mg. thorite. As 

Poulaert points out, the extremely low U/Th ratio for this 

material makes it ideal for calibration purposes. 

The results of analyses of these two samples are pre

sented in Table 3-7. Average values for the conversion 
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TABLE 3-7. Analyses of the Katanga 

Pitchblende and the Kivu Thorite. 

Weight 
eU 

(mg.) 

Corrected 
ActiVit} 
(c.p.m. 

Specific 
Activity 

(c.p.m./mg.eU) 

Conversion 
Factor 

(on 8/15/60) 

Katanga pitchblende (MS-OR, 42.5%eU at Pb-210~ there 
are 738.1 d.p.m./mg.eU) : 

1.99 0.846 '»-+9.4 294.7 0.399 

II II 242.0 286.0 0.388 

II II 242.0 286.0 0.388 

" " 238.9 282.4 0.383 

II II 256.2 302.6 0.410 

II " 255.7 302.1 Q.:!&2. 

Average = 0.396 .! 0.012 

Weight Specific 
eTh Activity 
(mg. ) (c.p.m./mg.eTh) 

Kivu thorite (56.3% Th, there are 245.7 d.p.m./mg.eTh): 

5.6 3.15 279.1 88.6 0.361 

5.6 3.15 285.4 90.6 0.369 

9.3 5.24 478.4 91.3 0.372 

• Average = 0.367 .! 0.006 



factor were calculated from these analytical data and are 

also shown in this table. These values., which agree very 

well wi th each other, wer'e used in subsequent analyses to 

calculate the weight-equivalent of uranium or thorium from 

the corrected counting rate. 

Combined Polonium-210 and Lead-212 Ana.lyses 

The first attempts at separating polonium-2l0 and 

lead-2l2 from the same solution were made on synthetic 

mixtures of the polonium-210 working solution and the 

thorium-232 solution. These experiments were designed to 

test the reproducibility (precision) of the yields for the 

'chemical and plating procedures: 

(a) over a ten-fold variation in the polonium-210 

concentration, 

(b) for solutions containing high concentrations 

of sodium ion or boric acid (as would be the 

case if sodium peroxide or borax were employed 

as a flux to decompose the sample), and 

(c) for solutions in which the reduction step is 

employed owing to the presence of ferric iron 

or the ions of mercury, tellurium, platinum, 

or gold. 

The results of these experiments are tabulated in 

Table 3-8. The standard deviations of these determinations 

are used as an index to the reproducibility and appear to be 
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acceptable (within + 5%) considering the variety of treat

ments given these solutions. The excessive scatter in the 

polonium-210 determinations is probably due to the low 

activity present in the first four solutions. The last 

two solutions, in which the activity ·was greater by a 

factor of ten, reproduce ·each other (and the average) quite 

well. Thus the dilution of the polonium-210 by a factor 

of ten in this concentration region does not affect the 

yield. 

Haissinsky (32) states that high concentrations of 

alkali salts adversely affect the yield of polonium. These 

would enter the present analytical procedure through the 

fusion step during the preparation of the sample solution 

and thus their effect had.to be determined. Solution 5-11-2 

indicates that the concentration of sodium ion resulting 

·from a fusion involving 2 g. of sodium peroxide does not 

lower the yield. Solution 7-56-1 and 7-56-2 were identical 

except that 7-56-2 had concentrations of sodium ion and 

boric acid which would result from a fusion involving 2 g. 

of borax. There is approximately a 2% reduction in the 

amount of polonium plated but this is within the· expected 

scatter and therefore may not be significant. 

Finally, the hydrazine reduction procedure used for 

.solutions 5-28-1 and 5-28-2 was sufficient to eliminate 

any interference from 2 mg. ferric iron or 0.1 mg. each of 

mercury, tellurium, platinum, and gold. 
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Up to this point in the study, the polonium-210 and 

lead-212 had been taken from sources which were already in 

solution or 'ft.lere relatively easy to dissolve. There still 

remained the task of analyzing for these two nuclides in 

materials which were more difficult to bring into solution. 

Polonium, in particular, offered difficulty if any material 

remained undissolved because it required a relatively long 

time to return to equilibrium with lead-210. 

A synthetic sample solution providing high activities 

of polonium-210 and lead-212 was prepared from portions of 

the Happy Jack uraninite and the Kivu thorite, both supplied 

by L. T. Silver. Analytical data for the uraninite was 

furnished by Rosholt (34): 

2ercent U ;2ercent eguivalent U 
Pa-231 Th-230 Ra-22b Rn-222 Pb-210 

GS-64/51 72.8 76.5 74.6 73.0 68.5 69.1 

where the "percent U" value is an average or the values ob-

tained in the Washington, D.C. and Denver laboratories of the 

U.S. Geological Survey. During dissolution of these samples 

preCipitates formed. These were separated by filtration 

through filter paper and counted on the paper. The alpha

'activity was less than 1% of the alpha- activity per chain 

member for either chain. A separate analysis for uranium in 

this solution was performed by Dr. Silver using the isotope 

dilution method (35). He found 0 . 372 mg'. uranium/5 mI. of 

solution which is in agreement with values calculated from 
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the analysis fUrnished by Rosholt. This value for uranium 

also confirms the very low content of uranium in the Kivu 

thori te reported by Poulaert. As shown in Table 3-9, the 

re sults of analyses performed on aliquot portions of this 

solution over a period of 475 days indicate that , the polonium-

210 was out of equilibrium at the time the solution was pre

pared and still had not returned completely to equilibrium 

after the 475 days . The lead-2l0 values indicate that this 

nuclide also was out of equilibrium and required the 475 

days to grow back. 

The best illustration of the care which is required in 

preparing sample solutions is provided by the analyses of 

,the R200 mesh zircon from the Pacoima Canyon pegmatite. 

This sample was provided by L. T. Silver and analytical 

data covering its uranium content and thorium content will 

soon be published (35). The values are:' 

uranium = 208.2 + 1.0 p.p.m. (average of 12 analyses) 

.thorium = 63.0 + 1.0 p.p.m. (analysis performed by 

Dr. G. R. Tilton, Geophysical Laboratory). 

Zircon is an extremely refractory material and thus 

presents problems during fUsion. In addition, its high 

silica content results in a large silica precipitate upon 

acidification following fuSion. Finally, zirconium hydroxide 

precipitates as the pH is raised prior to plating the lead 
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TABlE 3-9. Results of Analyses of Synthetic Mixture 

of the H;;.ppy Jack; Uranin ita aLa the Kivu Thorite. 

Tirr.G Since Corrbcted ~leiB~t eU_ 
Di 81: No. Sol tlt~SE_PrHpared Actjvi!::L Found Taken Rat:lo ---- (days) (c .. p.m.) (mG.)· (mg.) 

Po-210: 5-59-1 Po 6 83.7 0.286 0.372 0.770 
5-59-~ Po 6 81.1 0.277 II 0.745 
5-59-3 Po 12 86.9 0.297 II 0.799 
5-59-4 Po 12 87 .. 2 0.298 II 0.801 
5-61.-1 Po 29 85el 0.291 It 0.724 
7-32-1 Po 300 87.8 0.300 II 0.206 
7-32-2 Po 300 89.1; 0.305 It 0.821 
7-32-3 Po 300 89.5 0.]06 II 0.822 
7-50-1 Po 400 99.9 0.341 II 0.917 
7-50-2 Po 400 99.] 0.339 II 0.913 
7-50-3 Po 475 95.9 0.328 II 0.882 

Wei,ght eTh 
Found Taken Ratio rmg:) (mg.) 

Pb-212: 5-59-1 Pb 6 82.5 0.915 1.377 0.66 
5-59-2 Pb 6 94.3 1.01,6 II 0.76 
5-59-3 Pb 12 70.3 0.780 II 0.57 
5-59-1. Pb 12 89.3 0.991 II 0 .. 72 
5-64-1 Pb 29 73.1 0.811 " 0.59 
7-32-1 Pb 300 117.7 1.306 II 0.95 
7-32-2 Pb 300 115.7 1.283 II 0.93 
7-32-3 Pb 300 105.2 1.167 II 0.85 
7-50-1 Pb 400 117.3 1.301 " 0.94 
7-50-3 Pb 475 126.9 1.407 II 1.02 

5.00 mI. of the uranium-thoriurn solution were used in each run. 
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carrier. Four separate solutions of this zircon were pre-

pared and analyses made on aliquot portions of these. The 

results are sho~m in Table 3-10. 

Tne first two solutions were prepared using sodium 

peroxide as the fUsion flux . The silica residue which re-

suIted upon acidification was simply separated by filtration 

and no attempt made to recover adsorbed decay chain members. 

The recovery of both polonium-210 and lead-212 was quite 

low and remained constant over a period of 150 days in-

dicating that longer-lived parents of these nuclides were • 
lost on the silica . 

The third solution (7-58-1) was prepared with the aid 

o f a borax flux. In addition, a recovery of material ad-

sorbed on the silica was attempted by evaporating silicon 

as the tetrafluoride. The recovery of polonium from an 

aliquot portion of this solution was extremely low. Two 

sources of loss of the polonium were considered: 1) the 

borax fUsion is conducted at about 11000C. for several 

hours and polonium loss by evaporation would be very likely; 

2) if polonium formed a stable hexafluoride then loss could 

occur during the evaporation of silicon tetrafluoride. The 

second of these possibilities was eliminated, at least under 

the conditions used, because polonium fluorides are extremely 

difficult to stabilize (36). In order to test the first 

hypothesi ~ , a fourth solution (7-63-1) of the zircon was 

prepa~ed using sodium peroxide as the flux but still employ-
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TABLE 3-10. Ro~ults of Andy8es of the Zircon 

, Solu'!..ion 
---~ 

Po-210 : 

Ti:':10 Since 
Solution Pren~.:::-c:d - T" y·-\days 

(1) ;- 37-1 Po '" 20 

5-.38- 1 (2) 5-LO-2 Po 
'3-1.0- 3 Po 
5-41- 4 Po > 5 
5-41-5 Po > 5 
5-61,-2 Po 80 
5-64-3 ?o 150 
5-64- 1., Po 150 

(3 ) 7-59-1 Po 2 

7-63-1 (4) 7-63-1 Po 1 
7-63-2 Po 2 
7-63-3 Po 12 

Pb-212: 
(1) 5-.38-1 Pb '" 20 

5-38-1 (2) 5-40-3 Pb 
5-1.,1-4 Pb > 5 
5-41-5 Pb > 5 
5-64-2 Pb 80 
5-64-4 Pb 150 

7-63-1 (4) 7-63-1 Pb 1 
7-63-2 Pb 2 

Corrected ~lei£bt eU 
Activit v Found Taken 
(c.p7;';'Y (r:g.) {reg.) 

4.03 0 .. 0138 0.0199 

7. 83 0 .. 0268 0.0384 
7.95 0.0271 II 

3.88 0.0133 0.0192 
3.87 0.01.32 " 

11.37 0.0389 , 0.0576 
11.62 0.0397 " 10.82 0.0370 " 
1.18 0.0041 0.0345 

11.57 0.0396 0.0410 
11.55 0.0395 II 

11.64 0.0398 " 
Average :: 

+ -
~Iei£ht eTh 

Found Taken 
(mg:") (mg.) 

0.30 0.0034 0.0060 . 

0.64 0.0071 0.0116 
0.50 0.0056 0.0058 
0.36 0.0040 " 
1.07 .' 0.0119 0.0175 
1.11 0.0124 " 
1.98 0.0220 0.0124 
1.10 0.0122 II 

0.694 

0.697 
0.706 
0.694 
0.689 
0.675 
0.689 
0.642 

O.llB 

0.966 
0.964 
0.971 
0.967 
0.004 

Rati£ 

0.57 

0.61 
0.97 
0 .. 69 
0.68 
0.71 

1.77 
0.98 

(1) 0.0958 g. of zircon were fused with scdium peroxide and the entire 
sample ana.lyzed. 

(2) 100 mI. of solution prepared by peroxide fusion of 1.8478 g. of 
zircon ar~ 5.00, 10.00, or 15.00-ml. aliquot portions used for each 
:run. 

(3 ) J ~. of solution prepared by borax fusion of 0.608 g. of zircon, 
-':'.10 s ilica distilled as the tetrafluoride~ and a 150.00- nl. aliquot 
portion used f or t he run. 

(4) 500 !!ll. of sol ution pr €'pared by peroxide fusion of 0.6564 g. of 
~i~co~, the silica distilled as the tetrafluoride~ ar~ 150. 00-n1. 
aliquot portions used for each run. 
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ing the evaporation of si licon tetrafluoride for the re

covery of adsorbed ions. The results of the analyses for 

po lonium in aliquot portions of this solution indicate 

that the lead group in this zircon is in radioactive equi

l ibrium with tne uranium. 

The lov; thorium content made analysis for lead-212 

extremely difficult. This diffi culty was compounded by 

the fact that the recovery yields of lead carrier were 

quite low (about 50%) presumably because of adsorption of 

l ead on the zirconium· hydroxide precipitate which formed 

when the pH i'J'as raised to 4.7. An attempt was made to 

circumvent this difficulty in the case of solution 7-63-1 

by extracting the lead as the di thizonate l..;i th chloroform 

prior to the pH adju stment. The results were disappointing 

i n that the yield of lead carrier was increased by only 

about 10% . HOi'J'ever, the extraction procedure used was 

adapted from that employed, to extract quantities of lead 

in the p .p.m. range and could probably be improved for 

the present application by further modification. The 

lead - 2l2 analysis could also be improved by lowering the 

background counting rate of the' alpha-counter. The rate 

was between 7 and 15 c.p.h. during these analyses. 
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Precision o f the Analyses 

In order to provide a guide to the reproducibility 

of the po lonium-210 and lead-212 analyses, Table 3-11 was 

prepared. This table l is ts the standard deviations for 

the analyses shown in previous tables . In samples having 

hiGh concentrations of uranium and thorium (on the order 

o f 50%) the chemical procedure, "rather than counting errors, 

should be the principle cause for reduced precision. The 

maximum standard deviation in these samples is 3% and this 

value will be considered to be the standard deviation due 

to the chemical procedure. As the concentrations of uranium 

and thorium are reduced, the maximum amount of radio

activity whi ch can be plated is limited by the amount of 

material available for analysis and solubility considera

tions . Thus counting errors become more and more important 

for the precision, especially in the case of lead-212 which 

is disappearing with a 10.6 hour half-life. The high stand

ard deviation for the analysis of lead-2l2 in the Pacoima 

Canyon zircon illustrates this point but would no doubt be 

improved considerably if more runs were made. The very 

favorable standard deviation for the polonium-210 in this 

zircon is somewhat surprising in the light of what has been 

said. 
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4. SUMMARY 

The detailed study of radioactive disequilibrium pat

terms in rocks is relatively new. Rosholt has reported a 

radiochemical procedure for finding the amounts of the 

various groups in the decay chains. The present study was 

undertaken to find alternative procedures for the analyses 

of the lead and thorium groups and a method for the suc

cessive determination of polonium-210 and lead-212 was 

found. The analysis for the lead group provides an indica

tion of the state of radioactive equilibrium farther up the 

chain while the analysis for any member of the thorium group 

almost always gives the thorium content. According to the 

procedure, the sample is decomposed by fusion with sodium 

peroxide and taken up in HC1. This solution is made 0.05F 

in hydrazine, 10 mg. lead carrier added, and the HCl con

centration adjusted to 0.5F. The polonium-210 is deposited 

on a silver-foil disk and the alpha-activity from the 

polonium-210 on the disk is measured with a scintillation 

counter. 0.60 grams of sodium tartrate dihydrate are added 

to the solution remaining from the polonium deposition, the 

pH is adjusted to about 4.7 with NaOH, and the lead electro

deposited at a cathode potential of -0.70 v. vs. S.C.E. on 

a second silver-foil disk. The yield of lead carrier on 

this disk is determined gravimetrically and the decay of 

the 10.6 hour lead-212 supported alpha-activity observed 
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as a function of time . The procedure was calibrated by 

finding the conversion factors to calculate the disintegra

tion rates from the measured counting rates. The conversion 

factor for polonium-2l0 was determined by analyzing a sample 

of the Katanga pitchblende . Analysis of the Kivu thorite 

gave the conversion factor for lead-2l2. These two factors 

differed by 7%. 

The rate of deposition of polonium was studied as a 

function of the volume and t emperature of the plating solu~ 

tion and the results allow an estimation of the minimum 

plating time which can be used . The maximum yield of polonium 

in the activity range o f 3 to 40 c.p.m. remained almost con

stant under conditions of varying temperature (23 to 8lo e.) 

and volume (20 to 150 ml .) and averaged 95%. The codeposi

tion of lead-2l2 and bismuth-2l2 with polonium-210 was found 

to be less than 0.5% thus eliminating any chance of inter

fe rence from these nuclides. The darkening of the silver 

surface during the polonium deposition is indicative of the 

presence of interfering ions whi ch can reduce the yield of 

polonium. A reduction· procedure employing hydrazine in 7F 

HCl was found effective in eliminating the interference 

from 0.2 mg . each of mercury, tellurium, platinum, and gold . 

Lowering the HCl concentration to 0.5F and warming eliminates 

the interference from up to 2 mg. of ferric iron. The gravi 

metric de termination of lead carrier yield was verified by 

polarographic methods and the a ttenuation of the alpha

radiation by the maximum amount of lead carrier was found 
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to be only 1% . It was found extremely important that all 

of the sample be dissolved in order to avoid disturbing 

the state of radioactive equilibrium. 

The standard deviation due to the chemical procedures 

is estimated to be about 3%. The procedure for polonium-210 

was tested on the Pacoima Canyon zircon and the value found 

for weight equivalent uranium agreed with the mass spectro- ' 

metric value for the uranium content to 3.3%. Thus the 

lead group is in equilibrium with the parent uranium and 

the polonium-210 procedure is suitable for this very re

fractory mineral . The standard deviation for the lead-212 
. 

analysis increases as the thorium content decreases and 

reached 56% for the two runs on the Pacoima Canyon .zircon 

which contains 63 p.p.m. thorium. The principle advantages 

offered by this procedure are: 1) freedom from manipulation 

of precipitates and 2) the obtaining of the radioactive de-
• 

posits in a form most convenient for ·counting. 
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II 

A CHARACTERIZATION OF THE METEORITE FLUX 

AT THE EARTH'S ORBIT 
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1. INTRODUCTION 

This study was undertaken in order to characterize the 

meteoritic flux at the orbit of . the eartry during recent times 

with respect to its type composition and mass distribution, 

its direction, and its magnitude. A fUrther objective of 

the · study was the search for correlations in the patterns 

of fall within and among the various types of meteorites with 

the hope that these correlations would shed some light on the 

, origin and history of these objects. Such correlations in 

fall pattern, if found, would indicate families of meteorjtes 

the members o f whi ch travel in similar orbits and might have 

similar chemical composition and mineralogical structure. 

Unfortunately, we must start with the flux of meteorites 

arriving at the surface of the earth because no methods exist 

at the present time to observe these bodies beyond the earth's 

atmosphere . This limitation immediately exposes us to ex

trinsiC biasing factors (the time of day, the season, the 

population density and its scientific cultural level) which 

affect the frequency and quality of observations, and to 

intrinsic biasing factors (variations in the effects of 

atmospheri c ablation, variations in the effect produced by 

. striking the surface of the earth, resistance to weathering, 

variations in the degree of dissimilarity to terrestrial 

rocks, and mass) which affect the probability of recovering 

a meteorite . The quality of the available data varies 

widely . Because of the random arrival of these bodies, 
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most observations have been made by persons untrained in 

the scientific method. In addi~ion, the statistics are 

poor because the number of' meteorites brought to the atten

tion of scientists and collectors is small (about 7'00 f'alls 

and 800 finds) and many of' these have not been fully classi

f'ied. 

Hith these limitations in mind, I prQceeded with the 

survey because: 1) significant correlations might still be 

found and 2) even negative results would provide valuable 

information. The data were placed on punch cards to allow 

machine sorting of the cards according to various classifi

cations. 
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2. PUNCH CARD CODING FORMAT AND SURVEYS 

The most complete and concise source of meteorite 

information is the Catalogue of Meteorites by Prior and 

Hey (1). Quoting from the introduction to this catalog, 

the data supplied for each meteorite include: 
the name by which it is generally known; the 
locality, with the latitude and longitude of 
the actual place of fall, where 'possible; the 
date of fall or find; the chief synonyms; the 
classificatory descriptive name; details and 
original weight of the fall or find; references 
to the literature; the present repository ... 
of the main masses; and a list of the specimens 
(with their weights in grams) ...• 

In addition, the results of reliable chemical analyses are 

presented, 

by stating approximately, (1) the percentage 
(f) of nickeliferous iron; (2) the ratio (n) 
of the percentage of .iron to that of nickel 
in the nickeliferous iron; and (3) the ratio 

. (m) of the molecules of MgO to those of FeO 
in the magnesian silicates. 

This catalog lists about 1500 meteorite falls and finds 

(excluding "doubtful" meteorite,s) and includes meteorites 

known up to December, 1952. Meteorites which came to the 

attention of collectors after 1952 are described in The 

Meteoritical Bulletin (2) and the information concerning 

these meteorites is taken from this source. The classifi-

.cation system for meteorites used by PriQr, and shown in 

Table 2-1, was retained in this survey. 

The format used for the layout of data on the punch 

cards is shown below. One card was used for each meteorite. 
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TABLE 2-1. Rose-Tschermak-Brezina S1stem for the 

Classification of Meteorites as 

Modified by Prior (1). 

I. Irons--consist mainly of nickeliferous iron. 

a. Nickel-poor Ataxites--nickel less than 6%. 
b. Hexahedrites--nickel about 7%. 
c. Octahedrites (Coarsest, Coarse, Medium, 

Fine, and Finest)--nickel from 7 to 14%. 

d. Ataxites, Metabolites--nickel 7 to 14%. 

e. Nickel-rich Ataxites--nickel greater than 14%. 

II. Stoney-irons--iron and stony matter both in large 

amounts. 

a. Pallasites--olivine stony-irons. 

b. Siderophyres--bronzite-azmanite stony-irons. 

c. Lodranites--bronzite-olivine stony-irons. 

d. Mesosideri~es--hypersthene-achondritic 

stony irons. 

III. Stones--consist mainly of stony matter, with nickelif

erous iron and troilite, when present, scattered 

through as small grains. 

1. Chondrites--contain chondrules, classified 

according to increasing percentage of nickel in 

the nickeliferous iron and correspondingly in

creased amount of iron oxide in the magnesian 

silicates. 
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TABLE 2-1 (continued) 

a. Enstatites 

b. Bronzites 

c. Hypersthenes 

further qualified by color (white, intermediate, 

grey, black), structure (crystalline, spherical, 

brecciated, veined), and composition (carbona

ceous, etc.). 

2. Achondrites--chondrules absent. 

a. Calcium-poor achondrites 

1) Aubrites--enstatitic achondrites. 

2) Ureilites--clinobronzit-olivinic 

achondrites. 

3) Amphoterites, Rhodites--hypersthenous

olivinic achondrites. 

4) Diogenites--hypersthenous achondrites. 

5) Chassignites--olivinic achondrites. 

b. Calcium-rich achondrites 

1) Angrite--augitic achond~tes. 

2) Nakhlites~-diopside-olivinic achondrites. 

3) Eucrites, Sherghottites--clinohypersthene

anorthitic achondrites. 

4) Howardites--hypersthene-clinohypersthene

anorthitic achondrites. 



Columns 

1,2, 3,4 

5,6,7 

8,9 

10,11 

12,13,14 

15,16 

17,18 ,19 

20,21,22 

23,24,25 

26 

27 

28,29,30 

31,32 
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Informa tion 

Reference number--meteorites taken in alphabetic 

order and only every fifth number used t.o allow 

f or the insertion of new meteorites. 

Year of fall or find--(l)OOl A.D. to (1)960 A.D. 

Month of fall--Ol to 12. 

Day of fall--Ol to 31. 

Hour of fall--OO .O to 23.9. 

Type of meteorite--iron, stoney-iron, chondrite, 

or achondrite plus the subclassification (e.g., 

hexahedrite, bronzite, eucrite, etc.) and the 

physical classification (e.g., crystalline, 

spherical-black, etc.). 

Latitude~-North or' South and 00° to 90°. 

Longitude--OOOo to 360°. 

Mass--two significant figures and the power 

of 10. 

Mas s--interval in base 2 logarithm system. 

Number of pieces--corresponds to the mass 

given above. 

llf,1I % nickeliferous iron--OO.O to 99.9%. 

IIn,1I Fe/Ni--OO to 98; 99 = any ratio 

greater than 98. 

"m, II , MgO/FeO--O.O to 9.8; 9.9 = any ratio 

greater than 9.8. 
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lit, II % troilite--O.O to 9.8%; 9.9 = any , 

percentage greater than 9.8. 

% Ni--OO.O to 99.9%. 

This format uses only 39 of the 81 available columns on an 

IBM punch card and thus additional information, such as more 

complete chemical analytical data or the political subdivi

sion in which the' fall or find occurred, can be punched on 

the same card. 

When the data for the 1500 meteorite falls and finds 

had been placed on punch cards it became a relatively simple 

task to conduct the surveys listed below in outline form. 

The required separations or orderings were made by a sorting 

machine and then the cards (including all of the information 

on e ach card) were printed out as lists. Thus the results 

of· each survey were presented in a convenient and permanent 

form. 

Geographical surveys: 

1) northern and southern hemisphere falls 

ordered by latitude. 

2) northern and southern hemisphere falls 

ordered by longitude. 

3) northern and southern hemisphere finds 

ordered by latitude. 

4) northern and southern hemisphere finds 

ordered by longitude. 
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5) transformed coordinates of fall (using a 

computer for the necessary calculations). 

Chronological surveys: 

1) falls ordered by year. 

2) falls ordered by month and day. 

3) falls ordered by local hour. 

4) northern and southern hemisphere falls 

ordered by latitude and by month. 

5) northern and southern hemisphere falls 

ordered by latitude and by hour. 

Classificational surveys: 

1) iron falls ordered by type. 

2) stoney-iron falls ordered by type. 

3) chondrite falls ordered by type. 

4) achondrite falls ordered by type. 

5) iron finds ordered by type. 

6) stoney-iron finds ordered by type. 

7) chondrite finds ordered by type. 

Mass and compositional surveys: 

1) iron falls ordered by mass. 

2) chondrite falls ordered by mass. 

3) achondrite falls ordered by mass. 

4) stoney finds ordered by mass. 

5) falls ordered by metal-phase content. 

6) finds ordered by metal-phase content. 

7) iron meteorites ordered by nickel content. 
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3. COMPOSITION AND DIRECTION OF THE FLUX 

AT THE EARTH'S ORBIT 

Description of the Coordinate Systems 

The polar equation of an elliptical orbit in the helio-

centric coordinate system with the origin at the sun is 

r = p/(l + e cos 9) , (3-1) 

where r is the distance from the sun, 9 is the angle in the 

plane of the orbit measured from perihelion (position of 

closest approach to the sun) with the positive direction 

the same as the direction of motion of the earth ' in its 

orbit, e is the eccentricity of the ellipse, and p is the 

semi latus rectum. The semi-major axiS, a, is given by 

2 a = p/(l - e ) • (3-2 ) 

Another element of the· orbit is the inclination, i, which 

is the dihedral angle between the plane of the orbit and 

the ecliptic plane. Whenever possible, i is assumed to be 

00
. The coordinates r e , ge and r a, 9a are of special 

interest since they represent the values of rand 9 at 

the earth's orbit and at the asteroid belt respectively. 

The radius of the earth's orbit, r e , is the unit used to 

measure solar system distances and is designated 1 astro

nomical unit (a.u.). Some of these quantities are indicated 
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in Figure 3-1 which shows a hypothetical meteorite orbit 

lying in the plane of the ecliptic. 

The components of the heliocentric velocity, v, at 

any point in the orbit will be designated by vr and ve. 

The velocity of the earth in its orbit (assumed to be 

circular) is Ve (29.8 km./sec.). For a body receding from 

the sun, the angle between vr and -v will be called 00ut 
while for a body approaching the sun, the angle between -vr 
and -v will be called ¢in . These angles are necessary to 

give the direction of "the flux at the earth's orbit. Now 

since the earth is moving in its orbit at a speed comparable 

to that at which meteorites are moving, the veloci"ty of the 

flux, v, must be combined vectorially with that of the earth, 

Ve , to yield the direction of the flux in the geocentric 

coordinate system. This coordinate system is also that of 

the center of mass because the mass of the meteorite is 

negligible compared to that of the earth. The new angles 

between the transformed flux direction and midnight will 

be designated ¢~n and ¢~ut as shown in ~~gure 3-2. The 

two angles will be symmetric with respect to the 900 -2700 

axis for meteorites travelling in the same orbit. 

Figure 3-3 shows the quantities necessary for the 

transformation of d to d
l In order to develop the 

)U ou t )U ou t . 

transformation equations, we may begin by assuming a value 

for the semi-major axis, a, and the eccentricity, e, of 

the meteorite orbit. p may then be calculated by using 
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EARTH'S ORBIT METEORITE ORBIT 

Figure 3-1. Intersection between the orbit of the 
earth and a meteorite orbit lying in 
the plane of the ecliptic. 
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DIRECTION OF 
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Figure 3-2. Projection of flux directions onto 
the plane of the ecliptic. 
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SUN 

METEORITE 

EARTH 

Figure 3-3. Quantities used for the vectorial trans
formation to the geocentric coordinate 
system. 
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equation 3-2 and ee found from equation 3-1. The angle of 

intersection between the two orbits, ¢out' is given by 

and the components of the velocity are 

1 

ve = Kp2/re ' and (3-4 ) 

1 

, :where k = 29.6 km.-a.u.2 /sec. The vectorial transformation 

to the geocentric coordinate system is made by the equations 

v' = vr , (3-6 ) r 

v' = ve - V , and (3-7) e e 

¢~ut 
-1 (VI lv' ) (3-8) = tan . e r 

Substitution of equations 3-1 through 3-7 into equation 3-8 

gives ¢~ut in terms of p and e and the constants K and Ve 

(in astronomical units): 

(3-9) 

The curves for ¢' t vs. e for various values of a are shown ou . 
. in Figure. 3 -4. 
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TYPE COMPOSITION OF THE FLUX 

Much evidence has been complIed concerning the origins 

of meteorites, and among the firm conclusions reached so 

far are the facts that they were once part of one or more 

larger bodies and that their history has been quite complex. 

Newton in 1888 (3), after examining the radiants of fall for 
• 

116 meteorites, concluded that the bodies had travelled in 

solar system orbits with aphelia in the asteroid belt. 

,Whipple and Hughes (4) concurred and, in addition, found 

the meteorites to be part of the sequence: radio-meteors, 

visual meteors, photographic meteors, fainter fireballs, 

great fireballs, detonating bolides, and meteorites. The 

contribution from cometary particles decreases within this 

sequence as also do the eccentricity and inc11nation of the 

orbits in which the bodies travel. These authors also de-

termined the root-mean square atmospher1c velocity of 

meteorites to be 17 km./sec. 

In order to be able to interpret the observed yearly, 

monthly, and hourly patterns of fall, I began by consider

ing a model for the injection of meteorites into orbits 

which intersect the earth's orbit in order to see what pat-

terns resulted. Before discussing. this model let us con

sider the possible number of intersections between the orbit 

of a meteorite and the orbit of the e.arth. If the orbit 

lies in the plane of the ecliptic (i=O), then there are: 
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no points of intersection (p/l+e greater than 1 a.u.), 

1 point of intersection (p/l+e = 1 a.u.), or 

2 pOints of intersection (p/l+e less than 1 a.u.). 

If the orbit of the meteorite is inclined to the plane of the 

ecliptic (i/O), there are: 

no points of intersection (p/l+e greater than 1 a.u. 

or p/l+e less than 1 a.u. and a node does not 

occur at 1 a.u.), , 

1 point of intersection (p/l+e less than 1 a.u. and 

a node occurs at 1 a.u.), or 

2 pOints of intersection (p/l+e less than 1 a.u. and 

p = 1 a.u., i.e., the line joining the points of 

intersection is the latus rectum; this is a 

rather special orbi t). 

To get some idea of the relative proportions of single and 

double intersections, we may examine the distribution for 
• 

comets and meteor streams (5). 3 out of 25 known cometary 

or meteor stream orbits intersect the earth's orbit twice 

.while 22 do so only once. Since Whipple and Hughes (4) 

found that the orbits of meteorites have lower inclination 

than meteor or cometary orbits, a reasonable guess at the 

proporti~n for these bodies would be: 

1 intersection - 80% 

2 intersections - 20% 

To return to the model, assume that the asterOid belt 

is the source ' of meteorites and that collisions between 
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asteroids alter their orbits so that they can intersect the 

earth 's orbit. Piotrowski (6), who performed calculations . 
on collision frequencies in the asteroid belt, concluded that: 

a) the mean value of the relative collision velocity 

is about 5 km./sec.; 

b) one catastrophic collision occurs on the order of 

107 to 108 years; • 
1 

c) an asteroid is reduced to 2 of its initial mass by 

non-catastrophic collisions over a period of time 

on the order of 1/3 of the time for one catastrophic 

collision; and 

d) several times 109 tons of material are pulverized 

annually. 

Most of the observed asteroid orbits have relatively low 

eccentricities (average e = 0.15, average a = 2.89 a.u., 

and average p = 2.8 a.u.) and low inclination to the ecliptic 

plane (average i = 100
). In order for a body travelling in 

such an orbit to change to another orbit which will intersect 

that of the earth, at least 5 km./sec. would have to be added 

vectorial1y to the initial velocity of 17.7 km./sec. If the 

asteroid is travelling in a less probable, more eccentric 

orbit having e = 0.5, a = 3.3 a.u., and p = 2.5 a.u. then 

at r - = 2.8 a.u. (approaching the sun) about 3.5 km./sec. 
a 

or more are still required to accomplish the transition. 

Thus collision processes yielding velocities onthe ;order of 
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1 to 10 km./sec. (in the center of mass coordinate system 

for the asteroids involved) are required to inject these 

bodies into earth colliding orbits. 

With the knowledge presently available, it is difficult 

to describe the phenomena attending collisions between bodies 

of asteroidal size moving at 5 km ./sec. relative to each 

other. The only comparable event, for which the results are 

available for examination, is that of the collision between 

a large meteorite and the earth or moon. Our understanding 

of these events has been increased in·recent years by 

studies of the meteorite impact craters here on earth (7,8). 

Baldwin (7) concluded that in such a collision the meteorite, 

which is travelling at speeds greater than sound in the 

medium, buries itself using up its kinetic energy in the 

formation of a tremendously compressed plug of matter. 

After the meteorite is brought to rest the stored energy 

produces a tremendous expl~sion which results in the crater. 

Krinov (9) cites the theoretical work of Staniukovich and 

Fedynskii on the conditions of fall of gigantic meteorites. 

According to their work, the transition from a shattering, 

splashing type of collision to an explosive event takes 

place at velocities of 3-4 km./sec. and at 5 km./se~. the 

explosive action of the meteorite is equivalent to that of 

an equal mass of conventional explosive material. Immedi

ately following impact, the solid body of the meteorite 

possesses the characteristics of a strongiy compressed gas 
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because the energy in the shock wave is much larger than 

that due to the intermolecular cohesive forces. Shoemaker 

(8) advances a description of the events attending these 

collisions for which he draws upon data compiled from sub

surface nuclear explosions. The high-velocity meteorite 

penetra ting the ground is shattered and fUsed by the result

ing _ .o ck wave and its kinetic energy is used to compress 

and fUse the rock ahead of it which expands outward producing 

a cavity. A shock wave propagates away from this expanding 

cavity and is reflected from the surface of the ground as 

a rarefaction wave. During reflection, momentum is trapped 

in the material above the cavity producing an upward and 

outward movement which yields the crater. 

There is some risk involved in any attempt to extrapo

late these hypotheses to collisions in the asteroid belt. 

Asteroidal bodies are of comparable size and some of the 

energy of collision must be wasted in a partial transfer 

of momentum which would mean less energy is available for 

the ,explosion. Since the average veloci~y of collision 

given above (5 km./sec.) is near the threshold velocity for 

an explosion, this wasted energy might lower the effe9tive 

velocity below the threshold value. However, the 5 km./sec'. 

collision is an average and many collisions must exceed 

this value. Since collisions between two bodies of different 

size are more probable than between bodies of the same size, 

it will be assumed that the smaller asteroid buries itself 
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in the larger, perhaps altering the orbit of the latter 

to some degree. A rupturing explosion then takes place 

injecting the fragments or the larger body into their 

new orbits. 

The question as to whether an explosive process can 

produce rragment velocities or the order of 1 to 10 km./sec. 

must still be answered. The events attending small explosions, 

used ror blasting rock, were investigated by Noren (10). He 

round that the rock was broken up by the primary and reflected 

shock waves and then the burden moved out by the expanding 

gases . He also cited experiments performed in water which 

indicate that only a small fraction of the energy from the 

explosion is found in the shock wave. Ir the same picture 

is true for the explosions we are considering (this seems 

to contradict the description given by Shoemaker), then 

the maximum velocity which the fragments.'can attain is 

that of the gas molecules driving them. In Table 3-1 are 

listed the calculated root-mean square speeds of iron. and 

silicon atoms at various temperatures. This crude calcula-

tion shows the minimum temperatures required to yield 

velocities of the order in which we are interested. No 

attempt will be made to show whether these temperatures 

can actually be achieved although it is certainly evident 

that the energy is available because at 5 km./sec., there 

are 3 x 104 calories per gram of asteroid. As ror explosions 
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TABLE 3-1. Calculated Root-mean Square Speed 

of Iron and Silicon Atoms as a Function of 
1 

Temperature. The expression c = (3RT/M)2 was 

used for the calculation. The boiling point 

for iron is 3300o K. and for silicon is 2900o K. 

{OK} 
c {km.isec.} 

T Fe Si 

5,000 1.49 2.11 

10,000 2.11 2.98 

15,000 2.58 3.64 

20,000 2.98 4.20 
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which are more familiar and amenable to experimental ob

servation, the light-weight' fragments from an exploding 

shell casing attain velocities of 3.1 km./sec. (11). 

An explosion was applied to one asteroid for each 

of two situations. In each case the fragments resulting 

from the explosion were considered to be distributed iso-

tropically with respect to the frame of reference of the 

stationary asteroid and at velocities, v~, of 5, 8, and 

10 km./sec. in the same reference frame. The simplified 

2-dimensional case where the i'ragments remain in the plane • 
of the ecliptic was the only one considered. ' (The limits 

calculated for the monthly distributions should remain 

the same for the 3-dimensional case.) The two situations 

were: 

1) asteroid initially travelling in a circular orbit 

with r = 2.8 a.u.; and a 

2) asteroid initially travelling in an orbit with 

e = 0.5, a = 3.3 a.u., and p = 2.5 a.u. and the 

explosion occurring while the body is moving 

toward the sun at ra = 2.8 a.u. 

Some obvious departures from reality for such calculations are: 

a) the fragments are probably not distributed 

isotropically, 

b) all the fragments don't leave the explosion with 

the same velocity, 



- 104' -

c) the 2-dimensional approximation, 

d) the differences in the amount of time spent by 

bodies in different orbits crossing the earth's 

orbit have been ignored (i.e., dif.ferences in 

probability for collisions with the earth), and 

e) the perturbations over long periods of time pro

duced by the major planets and the Poynting

Robertson effect. 

Using the above model, the monthly patterns of fall to 

be expected were calculated and are shown in Figure 3-5 and 

3-6. The months in these graphs are measured from the nega

tive side of the radius vector from the sun which passes 

through the point of the explosion. It should be noted 

that all of the patterns are qualitat~vely Similar with 

maxima located near the outer limits of each distribution. 

The initially circular asteroid orbit yields a symmetrical 

pattern while the initially non-circular orbit gives an 

asymmetric pattern. The month-range of the patterns de

creases with decreasi,ng v~ and although narrow, well-defined 

streams (as in the case of meteors) do not result, the broad 

maxima do approximate streams. In the asymmetric situation, 

the periods for orbits corresponding to different months of 

fall may vary quite widely (over factors of about 40). 

The fact that different types of meteorites exist and 

~hat even within one type chemical groupings appear (12) 

raises the question: was the asteroid, which gave rise 
" 
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to the meteorite, composed only of the type of meteoritic 

material found in the meteorite or was it composed of a 

mixture of different types of meteoritic material? If the 

first idea is correct, then the differentiation producing 

the various types and groupings of meteorites occurred in 

a larger body or system of bodies. If the second idea 

prevails, then the possibility exists that the differentia

tion occurred within the asteroidal body itself. If an 

asteroid of nearly uniform composition (first hypothesis) 

is broken up according' to the model descriped above and 

the fragments are injected into earth colliding orbits, 

then the patterns of fall for a single type of meteorite 

might reflect this history. It is obvious that the resolu

tion inherent in such an approach depends upon the frequency 

of occurrence of explosive collisions in the asteroid belt. 

An examination on the basis of chemical similarities or 

groupings of meteorites would be more valuable than one 

conducted only on the basis of mineralogical classification 

but such a study must wait until more extensive analytical 

data are obtained for a much larger number of meteorites. 

The observed monthly pattern should be affected by the 

changing seasons; the yearly pattern should be affected by 

the increasing world population density; and the hourly 

pattern should be influenced by the changing amount of day

light. The effect of these observational factors was re

duced py plotting the data on a fractional basis. Figures 

3-7 and 3-8 show the log of the fraction o~ classified falls 
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as a function of decade and of month respectively. Since the 

chondritic ~alls predominate at all times, only the curves 

for the irons and achondrites show wide ~luctuations and 

poor statistics playa part in these. The standard devia

tion (square-root of the number of meteorites) is shown as 

a vertical line through each point . Some fluctuations appear 

to be larger than those due to statistics . These include 

the high achondritic -low iron flux between 1850 and 1870 and 

the low achondritic -high iron flux from 1890 to 1910. The 

monthly patterns for irons and achondrites parallel each 

other except for June where the achondrites are more abundant 

than the irons by a factor of 5. 

In order to bring out more detail in the chondritic 

flux, it is shown broken down according to type in Figures 

3-9 and 3-10. The bronzite flux fluctuates more widely 

than that for hypersthene chondrites with both decade and 

month and shows a pronounced maximum in May. The statistics 

for the carbonaceous chondrites and eucrites are very poor 

although the carbonaceous chondrites do show a maximum in 

April. No meteoritic type shows a clear-cut preference for 

any particular month. Although these graphs are necessary 

to characterize the ~lux, they do not co~tribute much to 

the search for correlations in fall patterns between the 

different types. 

Further resolution is achieved by plotting the month 

vs. year for ~alls according to type. These graphs are 
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shown i n ~igures 3-11 through 3-20 along with histograms 

of the monthly patter ns (by 10-day intervals) and yearly 

patterns . The open ci rcles in these graphs represent day

time falls , the solid circles represent nighttime falls, 

and falls f or which the hour is unknown are shown as crosses. 

The statistic s f or the 10-day interval histograms are poor 

and since these wer e eva luated for randomness, synthetic 

distributions were generated for comparison by using a 

random digit table (13). These are shown plotted in Figure 

3- 21 . The f eat ures displayed by the graphs for the observed 

patterns will be presented in outline form. 

Irons : 

a ) evenly distributed with month except for 

higher r a tes during Mar. 20-Apr. 20 and 

July I-Aug . 10; 

b) rate of recovery increased after 1900; 

1850-1900 - 8 falls 

1900-1950 - 23 falls ; 

c) prominent group of falls around July, 1935. 

Octahedri te Irons: 

a) more highly concentrated during Mar. 20-

Apr. 20 and July 10-Aug. 10 than other irons; 

b) July, 1935 group still present; 

c) no fall since 1935. 

Stoney-Irons: 

a) appear " to be randomly distributed with month; 
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Figure 3 -21. Synthetic monthly ~all patterns 
derived ~rom a random digit table. 
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b) sugges t ion of 30-year periodicity, 1840-1870-

1900-l930-l960(?), with falls grouped within 

+10 ye ars around "these years and absent from 

the middle decade between them (1850-1860, 

1880-1890, 1910-1920, and 1940-1950). 

Ens tatite Chondrites: 

a) randomly di s tributed with month; 

b) no falls prior to 1860's; 

c) 1863-1875 group followed by 25-year gap; 

d) unusually high rate of fall during 1930; 

e) large fraction of nighttime falls (5 out of a 

total of 9). 

Bronzite Chondrites: 

a) fell in all months with maximum in Mayj 

b) suggestion of 30-year periodicity with .broad 

maxima around 1870 and 1930 separated by broad 

minima around 1900 and 1960; 

c) high rate of fall during May, 1855-1895 (only 

falls which occur in May). 

Veined-Hypersthene Chondrites: 

a) fell in all months except March with apparent 

groupings in Feb., Apr.-May, and June; 

· b) distributed very evenly with year but only one 

fall after 1940. 

Veined-White Hypersthene Chondrites; 

a) display definite preference for certain 10-

day intervals; 
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b) rather unevenly distributed with year except 

for gaps from 1910-1930 and 1940-1960. 

Carbonaceous Chondrites: 

a) randomly distributed with month; 

b) randomly distributed with year. 

Achondrites: 

a) apparent groupings in monthly distribution

Mar. 20-May 10, June 10-Aug. 10, Aug. 20-

Oct. 10, Nov. 20-Dec. 30; 

b) concentration of nighttime falls during early 

1930's. 

Howarditic Achondrites: 

a) Aug. 1-10 group; 

b) distributed evenly with year. 

Since no clearcut monthly fall patterns emerged from 

these graphs, the chi-squared test for randomness (14) was 

applied to m~nthly intervals in order to find which distribu

tions were least likely to be random. The results, shown in 

Table 3-2, must be interpreted with caut~on because of the 

poor statistics. In order to see exactly how much caution 

is required, the test was also applied to the synthetic 

monthly distributions in Figure 3-21. These were purposely 

generated for 12, 24, 36, and 48 cases to allow comparison 

to distributions involving similar numbers of meteorites. 

It is apparent that this test may yield low probabilities 

for randomness for . distributions which are generated from 
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rABLE 3-2. Summary of the Results of the 

Chi-Squared Test for Randomness . 

No. of Chi-
Meteorites ,Squared 

Observed distributions: 

Irons 27 9.9 

Octahedrite irons 15 16.2 

Stoney-irons 11 5.4 

Enstatite chondrites 12 6.0 

Bronzite chondrites 53 13.4 

Veined-hypersthene chondrites 42 28.9 

Veined-white hypersthene chondrites 18 23.3 

Carbonaceous chondrites 18 , 10.0 

Achondrites 50 17.7 

Howarditic achondrites 14 18.6 

Average 
No. of Chi-
Cases Chi-Squared Sguared 

Synthetic distributions: 

12 12.0 4.0 10.0 4.0 7.5 

24 4.0 16.0 9.0 30.0 14.8 

36 8.0 11.0 19.3 8.0 11.6 

48 4.0 3.5 5.0 8.5 5.2 

* 

Probability of 
Rand orr..ness* 

0.5 

0.1 

0.9 

0.9 

0.2 

0.002 

0.02 

0.53 

0.1 

0.08 

Probability of 
Randomness* 

0.8 

0.2 

0.4 

0.9 

Probability that a random sample will give no better fit to a 
uniform distribution. 
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random digits if the number of cases is small. T.hus~ the 

only conclusion which may be drawn from the test is that 

. the patterns which are least likely to be random are those 

for the veined-hypersthene chondrites~ the veined-white 

hypersthene chondrites~ the achondrites~ and the howarditic 

achondrites. 

No monthly fall patterns match the fall patterns 

calculated from the model but poor statistics preclude 

making the statement that these do not exist. Two observed 

distributions which come closest to matching are those for 

the bronzites~ Mar. 10-June 10~ and for the achondrites, 

June 10-Aug. 10. 

Mass Composition of the Flux 

Several investigators in recent years (15,16~17) have 

noted that the meteorites and asteroids have similar mass 

distributions. Kuiper (18) found that the absolute magni-

tudes of the asteroids obeyed the incremental law 

M 
dN = ar 0 dMo (3-10 ) 

where dN is the number of asteroids with magnitudes between 

M and M + dM , a is a constant~ and r is the ratio of in-
000 

crease for an increment of one magnitude. LogIOr was found 

to vary from 0.35 to 0.73 for different asteroidal zones 

with an average value of 0.56. The corresponding incremental 

law for mass is 
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dN = (N c)m-(c+l) dm 
o (3-11) 

The statistics are improved by expressing the distribution 

in terms of the number of bodies having mass equal to or 

greater than a mass m. The mathematical expression for 

this "cumulative" law is obtained by integrating equation 

3-11 from m to infinity and is 

(3-12a) 

or log N = log No - clog m (3-12b) 

where N is the number of asteroids w:l.th mass equal to or 

greater than m. c is re~erred to as the "population index. 1I 

The authors mentioned above have used a variety of ex-

pressions and symbols to represent these incremental and 

cumulative laws. Hawkins (15) used 

log N = N - 1.67 log r log m o . 

for his cumulative mass law. Obviously his No is the log 

No in equation 3-l2b and his 1.67 log r is c. He a'lso uses 

log N = No + 0.667 M log r 

for the cumulative magnitude law, where M is the visual 

magnitude for a particle ablated in the earth's atmosphere. 

Now since M = constant - 2.5 log m, his 0.667 log r in this 

expression corresponds to 0 .• 4c. Opik (16) uses the expres-

sions 



dN = Cx-P dx 

and N = N x- s 
o 

130 -

(incremental law) 

(cumulative law) 

where x is the diameter of a solar system body or of a 

crater on the moon. Hawkins gives for the cumulative 

radius law 

log N = No - 2.5 log r log p2 

where p is the radius. Changing this expression to the 

exponential law, substituting the diameter, d, for the 

radius, and translating to the notation used in equation 

3-l2a yields 

N = 4N d- 3 . Oc • 
o 

Thus OpikTs No is 4 times my No and his s is 3.0c. Brown 

(17) plots the log of the number of meteorites for the 

various increments of logm as shown in Figures 3-22, 3-23, 

and 3-24. This is an incremental curve from which he finds 

the slope, d log N/d log m, of the straight line. In essence 

he is plotting log(dN/d log m) or log(m dN/dm) vs. log m 

and the equation of the straight line is 

log(m dN/dm) = log(NoC) ~ clog m • 

From this expression it follows that 

m dN/dm = (Noc)m-c (cumulative law) 
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Figure 3-22. Mass distribution for 416 stone falls (17). 
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ASTEROIDS 

SLOPE = 0 .76 

LOG m, ARBITRARY SCALE 

F~.'sU re 3- 24 . Mass distribution for stoney 
meteorites and asteroids (17). 
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br to put ,it in my incremental form, 

dN = (N c)m-(C+l) dm 
o (incremental law). 

/ 

These' equations serve to show that the slope which he meas-

ures is the c in equation 3-12b. 

Wi th this glos sB.I'Y to the vario"ls !"".otations it is pos-: 

sible to transJ.atE: the i'indingf. 01' 'c..c:.S8 t hree 2J.uthors. to 

a conTlon no tation for purposes of comparison. 'r.:-e results 

are sho'ltm in Table 3-3. Opik points out that the ,Jopulation 

inde~~ refle ct ~; ,,~.c · hi.:. ::;" J of the population . The.. "C i s, 

fragmentation j'ls:i.ds a large / alue for c (e.g ., the meteor-

i tes) while accretion yields sma:'l values (e.g., t he planets). 

The agreeoent between the various authors is good and t te 

the sequence : asteroids , meteorites, bright meteors, fai ~~ 

meteors appears clearcut wi th the increasing value of c 

rep:.."esenting greater and greate~[' fragmentation . A word of 

caution is in order. Brown's data on meteoritic masses, 

as well as those of Hawkins, were taken from the Catalogue 

of Meteorites (1). Thus their distributions may reflect 

the results of atmospheric breakup and the statistics of 

recovery rather than the true distribution arriving at t he 

atmosphere. 
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TABLE 3-3. Summary of Values of the Population Index, c, as . 

Calctuated from the Data of Other Authors. 

micrometeors 

faint meteors 

bright meteors 

meteorites 

Apollo group asteroids 

asteroids: 

. solar system 
planets fu'1d 
satellites 

Radius Hawkins 
(16) ___ {15L 

_ 1 -2 
10 "'-10 cm. 

} 10-
1
-1 

1.34 } cm .. 
1.0 

/ .. 50-10 cm. approaches 1 

0 .. 4-2.8 km .. 

2-90 Ian .. } 0.58- 1.22 
Ave. = 0.93 

90-360 Ian .. 

200-4,000 km. 

4,000-64,000 kIn. 

c 
Opik 
llil 

0.53-0.60 

1.1-1.4 

1.1 

0.9 

0.53 

0.83 

0.17 

0.17 

Brown 
-111l 

0.77 

} 0.76 
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Direction of the Flux 

An attempt was made to study the, direction of the 

meteoritic flux at the earth's orbit by observing the pat

tern of fallon the earth as a function of latitude and 

hour. A need for the transformation of the coordinates of 

fall of a meteorite arises from the fact that the earth's 

axis of rotation changes its orientation with respect to 

the sun as the earth traverses its orbit. As a result of 

- this change, positions of fall for meteorites at one time 

of year cannot be correlated with those at other times of 

year. Any attempt to average over this effect reduces the 

resolution of the distribution. The coordinate system 

used to measure position (;m the surface of the earth is 

based on a spherical polar coordinate system having its 

polar axis perpendicular to the plane of the equator, with 

the azimuthal angle measured from midnight and the polar 

angle from the plane of the equator . The transformation 

must be made to another spherical polar coordinate system 

having its polar axis perpendicular to the plane of the 

ecliptic. Obviously, the angle between the polar axis 

of the two system is 23.5 degrees . 

Figure 3-25 defines the symbols used in the trans

formation equations . Tne axis pointing to the first point 

of Aries , T , lies along the intersection between the 

ecliptic and equatorial planes and is used as the reference 



AXIS THROUGH 
THE CENTER OF 
THE EARTH AN D 
PERPENDICULAR 
TO THE PLANE 

- 137 -

OF THE ECLIPTIC 1. EARTH'S AXIS 
OF ROTATION 

OF IMPACT 
OF METEOR ITE ON 
THE EARTH'S SURFACE 

Figure 3-25. Quantities used ·in the equations for 
the transformation of the coordinates 
of fall of a meteorite. 
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from which azimuthal angles are measured: ¢s is the hour 

angle (in degrees) and may be found in the Nautical Almanac 

for any day of the year. The angles G and ¢ are found from 

the latitude and hour of fall by the equations 

e (in degrees) = latitude ~ 900 

with - f or l a titude North and + for latitude South, and 

¢ (in degrees) = ¢s + hour of fall (in degrees) (3-14) 

The transformation equations are 

e' = -1 cos (0.917 cos G 0.399 sin e sin ¢), 

¢' = tan- l (0.917 tan ¢ + 0.399 cot Gicos ¢), and(3-l6) 

(3-17) 

The transformed longitude is then calculated by the equation 

transformed longitude = ¢ - ¢s . (3-18 ) 

A computer was programmed to perform these calculations and 

the transformed coordinates of fall found for all meteorites 

for which the latitude and time of fall are known. 

The distributions of falls with untransformed and with 

transformed latitude are sho't'1rl in Figures 3-26 and 3-27. 

The first fact to be noted is that very few falls. have 

occurred in the southern hemisphere which makes comparison 

with the northern hemisphere very difficult. The distribu-

tions are obviously biased in favor of those latitude having 
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larger populations. A rough attempt at normalization to the 

population in each latitude was made by dividing the number 

o~ ~alls in each untrans~ormed latitude interval by the 

estimated 1940 popu lation in that interval (China was ex

cluded). The results are shown in Figure 3-28. The northern 

and southern hemispheric distributions are more nearly equal 

than in the unnormalized graphs. At ~irst glance it would 

appear that, on the average, there are two ~luxes--one 

directed toward 400 North and the other toward 400 South, 

i.e., the orbits of the meteorites might not be distributed 

about the ecliptic or equatorial planes. This conclusion 

would be in opposition to the situation for sporadic meteors 

(19). However, the fact that a large,fraction of the equa

torial region is covered by jungle and does not have an ef

ficient distribution of population for recovering meteorite 

falls must be taken into account. The latitude ranges for 

several regions, which are efficient meteorite collecting 

areas, are shown on the graph and these tend to support 

this conclusion. 

The explosion model for the injection of asteroidal 

fragments into orbits intersecting that of the earth was 

used to calculate the expected hourly patterns o~ ~all 

shown in Figures 3-29 and 3-30. These distributions were 

~ound by adding up the contributions to each hourly interval 

from the various fluxes. The fraction of a flux falling in 

one-hour time zones ~ollows a cosine law as shown in Table 3-4. 
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VOl = 10 km /sec 

, 
Vo = 8 km /sec 

. V I = 5 k m / sec o 
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Figure 3-30. Hourly patt~rn of fall at the earth's 
orbi t follO'tflng isotropic breakup of 
asteroid. Initial orbit of asteroid: 
e = 0.5, a = 3.3 a.u .~ p = 2.4 a.u., 
with breakup occurring at e = 2560, 
ra = 2.8 a.u. 
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TABLE 3-4. Fraction of a Single Meteorite Flux 

Falling on One-Hour Time Zones. Zero time zone 

corresponds to the direction from which the flux 

is arriving. The effect of terrestrial gravity 

has been ignored. 

Time Zone 
(hour) 

-6 
-5 
-4 
-3 
-2 
-1 
o 

+1 
+2 

j 
+5 
+6 

Fraction 

0.004 
0.033 
0.065 
0.092 
0.113 
0.126 
0.130 
0.126 
0.113 
0.092 
0 .065 
0.033 
0.004 
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Unlike the monthly fall pattern, the hourly pattern averages 

over all orbits which result from col'lisions in the asteroid 

belt and is symmetrical about the 18:00-6:00 axis. The 
, 

calculated patterns are independent of Vo and the choice of 

asteroid orbit prior to breakup until the lower limit of 

v~ is approached. At this point the 18:00 component pre

dominates at the expense of the 6:00 component and the 

bimodal distribution disappears. 

The hourly pattern of fall actually observed is shown 

in Figure 3-31 as a function of the season, in Figure 3-32 

as a function of the type of meteorite , and in Figure 3-33 

as a function of the subclass of chondri tic meteorite. All 

6f these distributions are heavily biased toward the day-

light hours (6:00 to 18:00) and the symmetry displayed in 

the calculated patterns cannot be expected in these actual 

situations. One trend, which is predicted by the calculated 

patterns and found in the histogram for !!Entire Year,!! is 

the continuous rise from 6:00 to a maximum around 16:00. 

Another trend which stands out is the continuous shift of 

the area containing the maximum from 16:00 in the January

March distribution to about 12:00 in the July-September 

distribution. In the October-December pattern the 6:00 to 

18:00 distribution becomes bimodal with maxima at 8:00 and 

'17 :00 in preparation for the return to the January-March 

distribution. A possible explanation for this cyclic shift 

of the maximum lies in the fact that the hour at which "the 
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Figure 3-31. The hourly p3tt.crn of :tn. ..... 1 as a function 01' 
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northern temperate zones, which collect meteorites with the ' 

greatest efficiency, dip closest to the ecliptic plane 

varies with season. Thus, the 6:00 component should be at 

its maximum in January and the 18:00 component at its 

maximum in June. The high 16:00 component in January-March 

cannot be explained by this reasoning and may represent a 

flux of meteorites travelling in orbits of high inclination 

to the ecliptic. 

The calculated patterns demonstrate that one-hour 

peaks should not be resolvable. Nevertheless, statistically • 

significant peaks are present at 8:00 and 5:00 in the pat-

tern for the entire year and in all of the seasonal patterns. 

It is difficult to find physical or sociological reasons for 

their presence. 

The hourly patterns for the various types of meteorites 

differ markedly. The poor statistics for the irons and 

stoney-irons make interpretation of their patterns impossible. 

The achondrites display an interesting bimodal 6:00-18:00 

distribution but no preference for one or the other of these 

peaks on the. basis of type of achondrite, month of fall, or 

year of fall could be found. The hypersthene chondrites 

have a large 5:00 contribution which none of the other 

chondritic types possess. 

None of these patterns show the 6:00 maximum displayed 

by the sporadic meteors (19). This maximum results from 

the 'h~gh eccentricity of the meteor orbits confirming the 

fact that the meteorites travel in orbits of lower eccentricity. 
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4. MAGNITUDE OF THE FLUX 

In recent years, a greal deal of effort has been 

expended in order to obtain a value for the magnitude of 

the meteoritic flux at the earth's orbit. Tne reasons for 

this, beyond wanting to know the rate of influx of meteorites 

on the earth, include a desire to date the lunar maria (16, 

20,21), to estimate the frequency of moonquakes caused by 

meteorite impacts (22), or even to estimate the danger to 

, spacecraft from these projectiles. As we have seen, the 

meteorites display a definite frequency vs. mass relation-

ship in which the frequency of occurrence increases rapidly 

with decreasing mass. This necessitates defining ~hat is 

meant by IImeteorite flux." Thi s term will be used to de-

note the number rate of arrival per unit area of earth's 

surface of meteorites, the pieces of which after ablation 

in the earth's atmosphere are still large enough to be 

noticed, picked up and related to an observed fall. Al-

though very minute fragments of meteoritic matter have 

been recovered as the result of special efforts, these 

cannot ordinarily be assigned with certainty to a definite 

fall. ~men several meteorites appear to have arrived in a 

group or cluster at the earth's atmosphere these are usually 

classified as a single fall. The units which will be used 

for the meteorite flux are: number/106 sq./Km.-year. 
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Figure 4-1 shows the number of falls recovered in each 

decade since 1680. The recovery rate remained fairly con

stant until 1790 when it rose in a nearly linear. fashion 

until 1940. This rapid rise is presumed to be due to 

growing populations as shown by Figure 4-2 (23) where the 

rate of recovery is normalized to the world pop~lation. 

Maxima appear in both graphs during the decades of 1810-20, 

1860-70, and 1930-40 which can only be interpreted as 

periods of increased rate of influx. The precipitous de

cline after 1940 is probably real. There is often a time 

lag between the time of fall of a meteorite and the time 

at whi ch it is brought to the attention of the scientific 

community. However, it seems unreasonable to assume that 

only half of the meteorites recovered during 1940-50 have 

found their way into the catalogs. If this lowering of the 

recovery rate is real, then the rate of influx of .meteorites 

is returning to a level which existed around 1800 after 

maintaining a much higher rate from 1820 to 1940. This 

trend would pose a problem for the present-day theories 

on the origins of meteorites which assume that random 

events in the asteroid belt continuously inject meteorites 

into earth colliding orbits. The period~ of these orbits 

should be of the order of 5 years and many revolutions 

should take place before the body is captur~d. One-hundred 

year cycles in the rate of influx are unlikely according to 

such a theory . 
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From a purely logical point of view, it would be expected 

that the rate of recovery of fallen meteorites in a particular 

region is related to the population of that region. This 

relationship is demonstrated for the world as a whole by 

Figure 4-2 (23). Many previous attempts to determine the 

rate 6f arrival of meteorites at the earth's surface have 

used regions of the earth in which high population densities 

have been maintained for the period of time sampled. Silberrad 

(24) chose the United Provinces of India for this and other 

reasons. He noted that the number of falls recorded for the 

half-century, 1831 to 1880, was the same as the number for 

1881 to 1930 and thus assumed that there existed an "intrinsic 

probability of regular recording." He also attempted to apply 
• 

corrections for sparsely populated regions and for the de

creased probability of recovery during nighttime. Table 4-1 

shows the flux which he and other authors have calculated. 

J'.1ost of these values have been recalculated to give the 

units in "meteorites/l06 sq.km.-year" in order to establish 

a basis for comparison. Ninninger (25) arrived at his value 

by using an arbitrary factor of 10 to increase the number 

of recovered falls in Austria, Czechoslovakia, England, 

France, Germany, Hungary, Italy, Ireland, India, Japan, 

European Russia, and the United States. Hawkins (26) 

based his estimate upon the frequency vs. mass curve for 

meteorites and the frequency vs. estimated mass curve for 

bright meteors. His value shows the number of meteorites 
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TABLE 4-1 . Estimated Values for the Meteorite 

Flux Arriving at the Earth's Surface. 

R 
0 

(meteorite fallS/lOb sq.lan.-year) 

Silberrad (24) 1.45 

Ninninger (25) 1.~5 

Hal'lkins (26 ) 2.4* 

Brown (17) .32 to 1.0 (1.1 to 3.4) 

* flux entering atmosphere with mass ~ 40 kg. and arriving 
at the surface of the earth with 10 kg. after ablation. 
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entering the atmosphere having mass greater than or equal 

to 40 kg. By the time it reaches the earth's surface, such 

a meteorite is reduced to about 10 kg. by ablation. Brown ' s 

(17) minimum value is taken from the data for falls in Japan, 

India, and Western Europe. His upper value results from 

applying corrections to the minimum value for the hourly and 

seasonal variations in the meteorite collection efficiency . 

He later appl ied a correction factor of 3.4 to these data 

on the basis of falls in limited, high population density 

regions in India and J apan (27), thus arriving at the values 

shovm in parenthesis. All of these methods which are based 

upon the analysis of high population density regions suffer 

from a lack of knowledge of the relationship between popula

tion density and the probability of recovering a fallen 

meteorite . Only the method used by Hawkins circumvents 

this difficulty. However, he had to estimate the area of 

the sky seen by an observer in order to arrive at a figure 

for the influx of bright meteors. 

The present discussion will attempt to find the relation

ship between the probability of recovering a fallen meteorite 

and the population density. A aetai led study of the meteorite 

recovery efficiency of a particul ar region should take into 

account: 

1. the number of people avai lab.le to recover meteorites 

(which is determined by the total population, their occupa-
• tions, the time of day, and the season of the year); 
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2. the average distance between a person performing 

the recovery and the point of impact of the meteorite (which 

is determined by the terrain, the time of day, and the 

season); and 

3 . the scientific cultural level of the people, i.e., 

will a meteorite , if picked up, be recorded and brought to 

the attention of the scientific community? This, in fact, 

is the definition of a "recovered fall." 

Hith these pOints in mind, a model :for meteorite re-

covery was formulated to l'lhich population statistics could 

be applied . It was assumed that there exists a certain 

:fraction of a particular area , f, in which a meteorite will 

be recovered if it falls. This leads directly to the equation, 

R = R f , o 

where Ro is the total meteoritic flux and R is the number 

rate of recovery per unit area . For the present discussion, 

it was assumed that the directions of the fluxes striking 

are distributed isotropically in the geocentric coordinate 

system . For cities, towns, and villages, f was assumed to 

be 1. For rural areas, the existence of rural population 

pOints (i . e., individual people or farms) was postulated. 

These rural population points were further assumed to be 

scattered at random and surrounded by circles of recovery, 

which have a certain average radius . This radius should 

depend on the terrain, the time of day, and the season and 
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could be made to depend upon the scientiric cultural level 

or the people . However, due to the dirriculty or measuring 

the latter quantity, the scientiric cultural level was as-

sumed to be high and invariant with time in all areas treated. 

The runctional relationship between the rraction or rural 

area covered, fp' and the rural population point density,P, 

and the radius of,recovery, r, is developed in Appendix A 

where it is shown to be : 

The regions chosen for study (the United States, 

Europe, India, and Japan) were those which came closest to 

satisrying the rollowing requirements over the period or 

time, 1810 to 1950: 

1. adequate population rigures, 

2 . large area, and 

3. unirorm population distribution . 

6 Table 4- 2 shows the number or ralls recovered per 10 sq. km. 

per year ror each country over the period 18 10 to 1950. The 

+ value is the standard deviation and assumes random arrival 

or the meteorites. The values in this table can be used as 

rough indices or the relative meteorite collecting erricien

cies of the various regions. The United States (eastern 

haIr) comes closer to rulrilling the three requirements 

listed above than any or the other regions. Ir t he rural 
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TABLE 4- 2 . Total Rates of Recovery 

for Falls (1810 to 1950). 

Region 

United States 
(eastern half) 

Europe 
(excluding Norway , Sweden, 
Finland , and the U.S.S.R.) 

Northern India 
(Gangetic Plain and Punjab) 

Southern India 
(excluding states with very 
low population densities) 

Japan 
(excluding Hokkaido) 

R 

(falls/l06 sq . km .-year) 

0 .18 + 0 . 02 

0.30 + 0 . 02 

0.49 + 0.06 

0.16 + 0.03 

0 . 66 + 0 .14 
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popu l ation were much denser, this area could probably supply 

the desired me teorite flux value by itself . However, since 

the rur a l popu l a tion density i s relatively low, it gives a 

point in the lower region of the f p vs. p curve. Europe has. 

a higher meteorite recover y r a t e in keeping with its higher 

population density . The popula tion fi gure s f or Europe as a 

~lhole are not as e;ood as t ho se f or t he Uni t ed States but 

otherwise it fulfills the requirements fairly well. The 

division of India int o "Northern" and "Southern" wa s done 

on the basi s of meteorite recover y efficiencies and parallels 

the differences i n popu l a tion densities. Discussions of the 

population of India have filled many books and although the 

figures ar e not a s good as tho se for Europe and the United 

States , they must be considered adequate. The high rural 

population densi t y o f t he Gangetic Plain is reflected in 

the high rate of recovery of meteorites for Northern India. 

J apan has the fi nest population fi gures of any ASian country 

and a high rura l population density. However, its small 

area has produ ced a low total number of meteorites recovered 

as shown by t he r at her large standard deviation for the 

rate of r e cover y . 

Tab le 4 - 3 shows the total number of falls by region 

and then br eaks these figures down according to the time 

o f fa ll. The unclassified falls were distributed among 

t he various categories by multiplying the total number of 

falls by the f r action of classified falls in a particular 

category . "Daytime" and "nighttime" refer to the periods 
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TAIlLE 4-3. Period of Fall . 

(for meteorites bet>leen 1810 and 1950) 

Total 
NUlohor Dartimo .l:£ghtt,,'!l~ Summer Wint9r 

Rp>;ion of Falls No. Total No. Total No. Tota l ~ Tota,! 

United States 89 55 65 19 23 51 52 36 37 

_ Europe 156 99 119 31 37 101 102 53 54 

N. India 58 33 45 10 13 33 35 22 23 

S. India 32 20 26 5 6 12 12 19 20 

Japan 23 9 19 2 4 15 15 8 8 

ds ns dw nw 
No. Total No. Tota l No . Total li2!. Total 

United States 37 44 8 10 18 22 11 13 

Europe 64 77 17 20 35 42 14 17 

N. India 18 24 7 9 15 20 3 4 

S. India 10 13 1 1 10 13 4 5 

Japan 6 13 1 2 3 6 1 2 
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between sunrise and sunset and vice versa and were deter

mined for any particular time of year,by referring to a 

Sunrise-Sunset Table (28). This method of categorizing 

the time of day of fall has greater meaning for the model 

under consideration than the method of dividing the day 

into equal parts from 6 to 18 o'clock and 18 to 6o'clock . 

The sight and sound phenomena attending the fall of 

a meteorite, in addition to the fact that very often more 

than one piece of meteorite is recovered from a fall (these 

pieces sometimes fit together), leads to the assumption 

that almost every fall is accompanied by the rupture of 

the meteorite during its passage through the atmosphere 

(9,29,30). This is probably more true of stones than of 

irons. For showers, where a large number of stones are 

recovered, the pattern of, fall is usually found to be 

elliptical with the stones sorted by mass in such a way 

that the heavier stones travel farther than the lighter 

stones. One piece of evidence suggests that all falls 

(at least stone falls) are showers and that the number 

of pieces recovered depends upon where the inhabitants 

are situated in the ellipse. This evidence stems from the 

fact that I"hen a careful and thorough investigation' is 

made of an area where several stones are reported to have 

fallen, many more stones are discovered (29) . These facts 

indicate that, in terms of the proposed model, the number 
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of pieces rather than the number of meteorites is the 

quantity having the greater significance . This is par-

ticularly true if a meaningful value for r is to be de

termined. Vlith this in mind, the average number of pieces 

recovered per fall was determined for each country and the 

results shown in Table 4-4. Falls from which more than 10 

pieces ~lere recovered were classified as showers and were 

not included. The term "piece" is used here to denote a 

product of atmospheric rupture and not the fragments which 

result from striking the ground. The numbers in parenthesis 

indicate the number of falls used to calculate the average 

number of pieces. The figures in this table should be in-

dicative of the relative recovery efficiency as a function 

of the region, the season of the year, or the time of day . 

In those cases where enough meteorites are included to give 

good statistics, the efficiency appears to increase with 

population density (e . g., N. India or Europe vs. the United 

States) and with improved weather (e . g ., ds vs . dw for the 

Uni ted States) . 
• 

A surprising result of the compilation in Table 4-4 

is the fact that the average number of pieces recovered 

from nighttime falls is the same as that recovered from 

daytime falls. This fact requires a more detailed examina

tion of the actual process of recovery . During both day-

time and nighttime, the attention of the population is first 

attracted to the meteorite by the startling sight and sound 
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TABLE 4-4. Average Number or Pieces Recovered Per Meteorite Fall . 

Region All Falls ~ime Niehttime Summer Winter 

United States 1.5 (77) -1.7 (49) 1.1 ... (14) 1. 8 (44) 1. 3 (31) 

Europe 1.9 (131) 1.9 (86) 2.2 (25) 1.9 (83 ) 2.0 (46) 

N. India 2. 0 ( 52) 2. 4 (31) 1.5 (8) 2. 0 (29) 2. 2 (20) 

S. India 1.8 (28) 1.7 (16) 2. 8 (5 ) 2.1 (11) 1. 7 (16) 

Japan 1.3 (15 ) 1.4 (7) 1. 5 (2) 1. 2 (11) 1. 5 (4) 

All Regions 1.8 (303) 1.9 (189) 1. 9 (54) 1.8 (178) 1. 75(117) 

irons 1.3 (18) 

stones 1. 8 (270) 

ds 112 . dw ill! 

United States 1.9 (32) 1. 3 ( 6) 1. 2 (17) 1. 4 (8) 

Europe 1.9 ( 54) 2. 1 (15) 1. 8 (32) 2. 2 (10) 

N. India 2. 6 (18) 1. 0 ( 5) 2. 2 (13) 2. 3 (3) 

S. India 1. 8 (9) 1. 6 (7) 2. 0 (4) 

Japan 1.2 ( 5) 2. 0 (2) 

All Regions 2. 0 (118) 1. 9 (28) 1.7 (71 ) 1.9 (26) 

The numbers in parenthesis give -the number or f alls consi der ed . 
No showers are included . 

ds : day- summer 
ns : night- summer 
dw : day-winter 
nw : night-Hinter 
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phenomena attending its fall. In daylight the recovered 

pieces are usually seen to fall near the persons who pick' 

them up . At nighttime this is not possible and the ques-

tion remains as to how recovery is made. After reading a 

large number of descriptions of recoveries, it became 

evident that the recovery need not be made immediately 

afte r fall. Very often a hole is found in a freshly plowed 

field or damage to a building is discovered the next day, 

or even later, and recovery made at that time. Thus, the 

model under discussion is not valid when applied to night-

time falls because these pieces are not recovered during 

the time that the nighttime population distribution pre-

vails. In addition, it appears that those pieces recovered 
• 

in daytime in plowed agricultural areas would probably also 

have been recovered if they had fallen during nighttime 

because the hole (if the piece penetrates the soil) or 

the piece itself is very noticeable. There has been no 

evidence to indicate that the average rate of influx during 

the day is different from that at night and so the higher 

rate of recovery of falls during the daytime with no in-

crease in the efficiency of recovery of pieces must be 

explained . It may be true that the excess number of day-

time falls fell in areas where, if they had fallen at 

night, no pieces would have been recovered (e . g . , heavily 

wooded regions). The data in Table 4-4 was combined with 

that in 4- 3 to give Table 4-5 which shows the flux of 

pieces for the various regions. 
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TABLE 4-5. Flux of Meteoritic Pieces (1810 to 1950). 

(pieces/l06 sq. km.-year) 

Total 
for 

Re~ion All Falls Daytimp. Nighttime Summer 
(12 hours) (12 hours) (6 mo.) 

United States . 27 ! . 03 . 22 ! .03 .07 ! .01 .18 ! .01 

_ Europe . 57 ! .04 .42 ! .04 .15 ! .02 .38 ! .04 

N. India . 98 ! .12 .91 ! .17 .17 ! .06 .60 ! .10 

S. India . 29 ! .05 . 22 + .05 .08 ! .03 .13 ! .04 

Japan . 86 ! .18 .77 ! . 25 .18 ! .12 .52 ! .13 

ds ns dw 

Winter 
(6 mo.) 

.12 ! .02 

.20 ! .02 

.42 ! .09 

.17 ! .03 

.35 ! .12 

nw 
(12hours, 6 ;n;.) (12hours, 6 ;;;.) 

United States 

Europe 

N. India 

S. India 

Japa!l 

ds = day- summer 
ns = night- sununer 
dw = daY-'.;inter 
nw = night-winter 

.15 + . 02 -

. 23 + . 04 -

.47 ! .13 

.11 + .04 

.40 + .14 -

.04 ! .01 .06 ! .01 .04 ! . 01 

.10 ! .02 .18 ! .02 .07 ! .02 

.08 ! .03 .40 ! .09 .07 ! .05 

.10 ! .03 .06 ! .02 

.38 ! .22 
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The derivation of the population figures to be applied 

to the model is exp l ained in Appendix B. It should be em-

phasized that high accuracy in compiling these figures was 

not required because they were averag~d over a long period 

of time (1810 to 1950) and because of the relatively poor 

statistics for the meteorites themselves. Tab le 4-6 shows 

the results of the population survey in terms of rural 

population point densities for summer and winter daytime 

(PdS and Pdw ) and gives the estimated fractions of area 

covered by cities and· towns (FCT) or by cities, towns, 

and villages (FCTV) . A key to the symbols and definitions 

used may be found in Appendix B. In addition, the table 

presents the flux data for meteoritic pieces in three 

separate columns for each season. The figures in the 

second of these columns have been corrected for FCT or 

FCTV so they represent only those meteoritic pieces fall -

ing in rura l areas. This correction is quite small and 

is less than the standard deviation . The third of these 

three columns will be discussed later . 

A graph of Rp vs . Pds is shown in Figure 4- 3. The 
ds 

curve r epr esents a least squares fit to the data. Southern 

Indi a was not included when making this fit because of its 

anamolously low values . The fac t that the Eur opean point 

is below the curve (farther than its standard deviation 

warrants ) leads to an attempt to modify the f l ux from one 

which is isotropic relative to a stationary earth to one 
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TABLE 4-6. Population and the Flux of Meteorite Pieces . 

Rp 
ds 

R 
Pd s 

FCT 
Pds 

( corre;;tod ( corre;;ted 
or 

Rds 
• for FCT for latitude 

ReF"ion FCTV (peopl e/sq. km. ) or FCTV) effect) 

United Stat es . 01 7.4 . 15 ~ . 02 . 15 ! . 02 . 18 ~ . 02 

Europe .07 21 . 23 ~ . 04 . 21 ~ . 04 . 29 ~ . 06 

:; . I ndia .03 39 . 47 ~ . 13 . 46 ~ . 13 . 46 ~ .13 

S. India . 02 14 . 11 ~ . 04 . 11 ~ . 04 . 11 ~ . 04 

Japan .05 40 . 40 ~ . 14 . 38 ~ . 13 . 46 ~ .16 

R Rp 
Pdw dw 

Pdw 
(corrected ( corr.;;;ted 

Rdw 
for FCT for latitude 

(peop10q· km. ) or FCTV) effect) 

United states 3. 8 . 06 ~ . 01 . 06 ~ . 01 . 07 ~ . 01 

Europe 17 . 18 ! . 02 .17 ~ . 02 . 24 ~ . 03 

N. India 49 . 40 ~ . 09 . 39 ~ . 09 . 39 ~ . 09 

S. India 18 .10 ~ .03 .10 ~ . 03 . 10 ~ . 03 

Japan 28 . 38 ~ . 22 .36 ~ . 21 . 43 ~ . 25 
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1~hose average direction is parallel to the plane of the 

ecliptic . This new, more realistic flux will vary with 

latitude on the earth (polar angle) but it is still assumed 

to be isotropic ~lith respect to longitude (azimuthal angle) . 

The corrections which this modification introduces into 

Rp and Rp are shown in the third of the three R columns 
ds dw 

in Table 4-6 . These new pOints are plotted and the new 

least squares curve drawn in Figure 4-4. The improvement 

in the position of the European point relative to the curve 

is apparent . The values of rand Ro derived from the least 

squares fit to the ds and dw data are shown in Table 4-7. 

Combining the Ro values with the average number of pieces 

recovered per fall yields the Ro values for the meteorite 

flux which is also shown in the table. The last column in 

this table is calculated by assuming that Ro is independent 

of the season or time of day. The agreement between the 

hlO values for Ro is a fortunate result and lends credence 

to the fundamental approach. However, it should be em-

phasized that this value for R is an average for the o . 

period 1810 to 1950 and that the flux, as indicated by 

Figure 4-1, fluctuates rather widely . In addition, it has 

been assumed that the scientific cultural level in the 

regions studied has remained constant over the period 1810 

to 1950. This is certainly not true and a somewhat higher 

value for Ro would probably be obtained if some method were 

found to take this fact into account. A valuable addition 
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to this survey would be the inclusion of the Soviet Union 

where about 70 meteorites falls have been recovered. How-

ever, reliable population statistics must be ~ound . In 

any case, the value obtained for Ro by this survey is in 

good agreement with those of the other authors listed in 

Table 4-1. 

In order to check the value found for r, a literature 

survey of 14 daytime falls was conducted to find the dis-

tance between the pOints of impact of the meteoritic pieces 

and the people who subsequently recovered them. Most 'of the 

falls included took place in the United States but one fall 

occurred in each of the fo llowing countries: the Phillipines, 

India, England, Algeria, and Canada . The distances found 

ranged from 3 to 2100 feet but the average was 350 feet 

or 0.11 km . which is in excellent agreement with the 

calculated values for r shown in Table 4-7 . 
• 
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5. SUMMARY 

A survey o~ meteorite data was conducted in order to 

better characterize the meteoritic ~lux encountered by the 

earth and to search ~or correlations in ~all pattern among 

the various types o~ meteorites . One result o~ this study 

has been an improved organization o~ the existing meteorite 

data in the ~orm o~ a punch card catalog which is available 

~or ~ture surveys . Many sortings o~ these cards according 

to various categories were made and permanent printouts o~ 

the results obtained .. In addition, the coordinates o~ fall 

for all falls were transformed to a more meaning~l coordi

nate system which eliminates the seasonal variation found 

in the system ordinarily used to measure position on the 

surface of the earth. 

It developed that the statistics for meteorite falls 

are too poor to reveal clearcut correlations among or 

between the various types of meteorites . The most that 

can be expected from such a survey are suggestions of these 

correlations and these were found among the monthly fall 

patterns where the veined-hypersthene chondrites, the 

veined- white hypersthene chondrites, the achondrites and 

the howarditic achondrites exhibited the greatest depar 

tures from randomness. Future chemical and mineralogical 

investigations should be conducted with these possible cor

relations in mind . The yearly fall patterns show variations 

which are important to the theories on the origins of these 
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bodies. Broad maxima and minima appear for various types 

and for a few types, concentrations of falls occur during 

periods of several years . These groupings suggest non

random arrival of these bodies . If, in the future, perio 

dicity in the yearly fall patterns can be demonstrated 

then some mechanism for the injection of groups of these 

bodies into orbits having a small range of periods must 

be found. The observed hourly patterns of fall show a 

rise from 6:00 to a maximum around 16:00 . It is impossible 

to tell whether the true maximum occurs at 16:00 or later 

(e. g ., 18:00) because of the worsening chances for the re 

covery of meteorite falls due to the decreasing amount of 

daylight . 

The magnitude of the flux varies with time and estimates 

of the magnitude based upon data covering short periods of 

time must necessarily be biased. One fl,uctuation which is 

of importance is the sharp decline after 1940 . An attempt 

was made to estimate an average value for the magnitude of 

the flux from 1810 to 1950 by considering the relationship 

between the rate of recovery of falls and the prevailing 

rural population density. This attempt yielded concordant 

values for Ro' the rate of influx per unit area of the 

earth's surface, for day- summer and day- winter falls. 
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The extrapolation of the findings of this survey to 

the flux outside the earth 's atmosphere will not be pos

sible until more complete data on the selective sorting 

effects of atmospheric ablation are obtained or until 

material from the surface of the moon is available for 

analysis . 
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APPENDIX A 

The "Fraction of Area Covered" vs. 

The " Poi nt Density" Relationship 

In order to apply the meteori te recovery mode 1 de -

scribed in the t ext, it was necessary to determine the 

fUnctiona l r e l a tionship between the fraction, f , of 
p 

area covered by target circles drawn about randomly 

distributed points as a fUnction of the point density, P , 

and the radius of the -target circle, r. The point 

density and target circle correspond respectively to the 

population point density and the circle of recovery for 

meteorites in the model . 

An empirical approach was employed to find this 

relationship. By using a table of random digits (13) as 

a source of coordinates, two sets of 100 random pOints 
• 

were generated and plotted on a two dimensional coordinate 

system (Keuffel and Esser graph paper with 1 unit of length 

equal to 0.5 inches). With about 100 pOints per 416 square 

units, the point density for both distributions was about 

0.24 pOints/sq. unit. Copies of these distributions were 

made and on each copy circles of a given radius (r = 0.25, 

0.50, 1 .0, 1.5, 2 . 0, 3 . 0, or 4.0 units) were drawn around 

the random pOints . The fraction of the area covered by 

these target circles was found for each r and plotted vs . 
1 1 

r/A2 as shown in Figure A-l. (A2 was used in order to make 
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the ratio dimensionless.) By assigning a value to r (in km . ) 

it ... as possible to compute the A (in sq . km . ) which corres 

ponded to this r by the equation, 

Kno\~ing that there ... ere 100 points wi thin this A, the p could 

be computed thus giving the empirical relationship bet ... een rp 

and P . 

The runctional relationship which matched the empirical 

relationship was round by trial and error . The rirst equa-

tion tried was : 

= e 
- kP 

and the results are shown in Figure A-2 . A good rit resulted 

ror all but the lower values or 1 - rp However, there was 

no simple relationship between k and r and a dirrerent k was 

required ror each r . 

The next equation tried was : 

This relationship provided a satisractory rit to the empir 

ical data as shown in Figure A-3 where a = 2 . 11, b = 1. 6 

and c = 0 . 8 ror every r . Thus, 

was assumed to be the desired runcti o n a l relationship . 
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APPENDIX B 

Population Data and Calculations 

The objective of this population survey was to obtain 

values for: a) the total population, b) the rural popula

tion, c) the urban population, and d) the number of agricul-

tural workers in certain selected countries between 1820 

and 1940. These figures were then used to estimate : 1) the 

rural population point densities for various seasons and 

2) the fraction of the total area covered by communities 

larger than 10 people . 

In order to present this information in a concise 

form it was necessary to adopt a convention of symbols and 

definitions which, it is hoped, will aid rather than hinder 

the understanding of the material . These symbols and de -

finitions are summarized in the following list . The mean-

ing of some of the terms will be made clearer in the 

subsequent discussion. 

Symbol 

A 

RA 

TP 

CRP 

CUP 

CUPD 

total area under consideration 

rural area = A( 1 - FCT) - A 

total population 

census rural population- - rural population 
reported in census data (involves a 
definition of "rural population") 

census urban population--urban population 
reported in census data 

census urban popula t i on density = CUP/A 
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(For the purposes of the present discussion, the following 

arbitrary definitions were made : 

city- - community having population> n 

town-- community having population = 10 to n 

where n is given by the rural population definition for any 

country . For example , in the United States, where the rural 

population is defined as "persons living in places having 

fewer than 2500 inhabitants," n would be 2500 . 

village- - places . of residence of agricultur al 

workers in a village-rural area) 

(Pop. )town 

(UPD)town 

TRP 

TUP 

ACRP 

ACFRP 

FRP 

VRP 

AW 

SF 

population living in towns 

urban population density for towns = 

(Pop . ) town/A 

density of population within a city, 
town, or village having m inhabitants 

true rural population = CRP - (Pop . ) town 

true urban population = CUP + (PoP . )town 

age - corrected rura l population = TRP- 
(children 4 years of age or younger) 

age - corrected farm - rural population 

farm - rural population--people residing 
on farms in a farm-rural area 

village-rural population--people depend
ent on agriculture who r eside in villages 
in a village-rural area 

agricu l tur a l workers 

average size of family 



FCT 

FV 

FCTV 
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r 

f 
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fraction of area covered by cities 
and towns 

fraction of area covered by villages 

fraction of area covered by cities, 
towns and villages 

rural population point--an individual 
person or farm surrounded by a circle 
of recovery 

rural population point density = (number 
or rural population pOints)/RA; subscripts: 

d = daytime 
n = nighttime 
s = summer (April through September) 
w = winter (October through March) 

radius . of circle of recovery 

fraction of area which can recover 
meteorites 

The extreme variation in the quality and availability 

of population statistics required the limitation of the 

population survey to the United States, Europe, India, and 

Japan. To quote from the article on population in the 

Encyclopedia Britannica: 

In a United Nations publication issued in 1947 in 
which an attempt was made to estimate the population 
of the world it was stated that 40% of the estimated 
population lived in regions with "poor" figures; 
i.e., "where the basis of the estimate was weak." 
A further 37% lived in areas for which the data was 
"fair"; i. e., "where the estimates were suhject to 
substantial errors." Only the United States, Canada, 
Japan, north, west, central and southern Europe and 
Oceania were considered to provide "good" population 
figures. (ll) 

In order to make the present survey, it was necessary to 

estimate many of the earlier population figures . Wherever 
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possible, this was done by estimating early ratios (of the 

desired value to some known value, such as the total popula

tion) from more recent ratios since these ratios change much 

less rapidly than the values themselves . 

The application of these population figures to the 

meteorite recovery model described in the main text re-

quired a detailed analysis of the distribution of the rural 

population . For this purpose, t wo types of distributions 

were recognized : a) farm rural, where the rural population 

resides on farms (e . g . -, the United States) and b) village -

rural, where the rural population resides in villages 

(e . g ., India). The fact that these definitions of rural 

popu lation differ from the census definitions requires that 

corrections be applied to the census data . 

Farm-rural. The following assumptions \-lere made : 

1 . the CUPD is an index of the rura~ vs . urban 

character of an area, and 

2 . for a given CUPD, the size vs . frequency re 

lationship for cities and towns is fixed . 

Thus, by making a detailed study of the size vs. frequency 

relationship, it is possible to calculate and plot graphs for: 

(a) the (UPD)t vs . the CUPD, from which the own 
(PoP.)t can be calculated, and own 

(b) FCT vs . CUPD (knowing Dm as a func tion of m) . 
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Using the first graph to find (PoP.)town ~llows the calcula

tion of the true rural and urban populations from the census 

values according to the equations, 

TRP = CRP - (poP . )town 

TUP = CRP + (PoP.)town 

An age correction is then applied in order to subtract chil

dren too young to contribute to the meteorite collecting 

population, 

ACRP = TRP - (children 4 years of age or younger) . 

These fi gures are then used to calculate the pIS by using 

the following equations : 

Pds = ACRP/RA (population pOints = rural inhabitants 

who are assumed to be scattered at 

random during a summer day), and 

(arbitrary fraction , a, of rural inhabi 

tants scattered at random during a 

winter day . ) 

Village - rural . The CUPD is retained as an index of the rural 

vs . urban character of the region . The size - frequency re

lationship for communities is assumed to be composed of two 

parts: 

(a) the size - frequency relationship for cities and 

to~~s (same as for farm - rural), and 



Thus, 

where 
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(b) the villages, which are assumed to have an average 

population density, DVillage. 

FCTV = FCT + FV 

FV = TRP/Dvillage A . 

the pIS are round by: 

Pds = AW/RA (population pOints = agricultural 

workers who are assumed to be 

~cattered at random during a 

summer day), and 

(arbitrary rraction, b, or agricul 

tural workers scattered at random 

during a winter day.) 

United States. Due to the ract that the United States was 

expanding westward into almost uninhabited ter ritory during 

the period, 1820 to 1940, the population density displays 

extreme variation With space and time . For this reason, 

only those states in and east or the tier or states rrom 

North Dakota to Texas were included in this survey . In 

addition, a state was excluded until its population density 

had reached 1 person/sq . km . In support or this latter re 

quirement, it should be noted that no meteori te ralls were 

recorded in a state whose population density was less than 

1 person/sq . km . , while 4 ralls occurred in states having 

population densities or 1 to 2 persons/sq . km . 
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Tne results of the population survey are shovm in 

Table B- l. The following sources of data and assumptions 

were used in constructing this table . 

1 . The United States was assumed to be farm - rural . 

2 . A and TP were found by summine the areas and total 

populations of the individual states (31) which fulfilled 

the previously stated requirements for a given year. 

3 . The CRP for each state was : 

(a) taken directly from the Encyclopedia 

Britannica (ll), 

(b) estimated by interpolation between known 

values, or 

(c) calculated from the total population and 

reasonable "per cent rural" values, 

and these fi gure s summed to give the CRP shovm in the table . 

4 . The CUP was obtained by subtraction (TP minus CRP) . 

5. The areas of cities and towns of various sizes 

were obtained (11,32,33) and used to calculate Dm . D was 
m 

then plotted as a function of m in Figures B- 1 and B- 2 for 

the United States and the rest of the world respectively . 

A good deal of scatter is evident but aver ages of log Dm 

for intervals of log m fal l approximately on a straight 

line . A detailed study of the size vs . fre.quency relation

ship for cities and towns in 10 states of the United States 

was made for the census year, 1940 . Combining these data 
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with the Dm data in Figure B- 1 gave the FCT vs . CUPD re 

lationship shown in Figure B- 3 . This curve was then used 

to obtain the FCT and (PoP . )town in Table B-1. 

6 . The TRP was obtained by subtracting (PoP . )town 

from the CRP. 

7. The ACRP was calculated using the data in Table B- 2 . 

Europe . Due to the extremely low population densities found 

in far northern Europe; Finland, Sweden, and Norway were ex-

cluded from the population survey. The U. S. S . R. was also 

excluded but European Turkey was included. Post-World 'War II 

boundaries were used. The literature sources and assumptions 

used in constructing Table B- 3 are listed below . 

1. Europe was arbitrarily assumed to be 10% farm- rura l 

and 90% village-rural . Thus, FRP = ( . lO)(TRP) and VRP = 

( . 90 ) ( TRP ) . 

2 . The figures for the TP came from Figure B- 4 which 

in turn was drawn from the data in Table B- 4. The data in 

column 2 of this table were taken from several sources 

(35,36,37,38,39,40) . The values for 1800 and 1850 are es-

timates (e = estirrated) based upon the quotation, "Since 

1850 the population has doubled and since 1800 it has al 

most tripled . .. . ," referring to the year 1939 (41 ) . 

Column 3 of Table B-4 gives the TP for Belgium, France, 

Germany, Italy, the Netherlands, Spain, Switzerland, and 

the Un~ ted Kingdom which are referred to as "reference 

countries" since data for them is more readi l y available . 
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TPBLE B- 2 . Fraction of People 

in 0 to 4 Year Age Group (34) . 

Fraction of People 
in o to 4 Year Age GrouE 

. 19 

.17 

.15 

.14 

. 12 

.11 

. 08 
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Figure B-4 . European total population . 
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TABLE B-4. European Total Population. 

Population 
of 

Reference Calculated 
Year TP Countries % of TP TP 

(millions ) (millions ) (millions ) 

1800 130 e 104 80 

1850 190 e 149 78 

1880 175 74 e 240 

1900 201 71 e 280 

1920 320 221 69 

1930 351 237 67.5 

1940 379 260 68.5 

1950 380 260 68.4 



- 199 -

The per cent of the European TP found in these reference 

countries is shown in column 4 which a11o~ls the estimation 

of values for 1880 and 1900. (The error of the estimation 

is small because a large percentage of the European TP 

resides in these reference countries:) This estimation in 

turn yields the calculated TP in column 5. 

3. Any estimation of the CRP or AW is made difficult 

by the lack of data for the whole of Europe prior to 1910 . 

Recourse is again made to reference countries and the re

sulting trends applied to the whole of Europe . The data 

in Table B-5 were taken from several sources (11,35,38,39) 

and the liberty of applying the data to the nearest decade 

year was exercised. One country was taken from each of 

the 1930 per cent rural population groups thus ensuring 

adequate representation of all degrees of rurality . Each 

group \~as then weighted on the basis of the 1930 TP for 

that group . Tne rural population definitions differ from 

country to country in Europe (e.g., n=2000 and 5000 in 

Czechoslovakia and Yugoslavia respectively) but the average 

was arbitrarily assumed to be 2500. 

4 . The FCT vs. CUPD and (PoP . )to~m vs . CUPD relation

ships established for the United States were applied with

out modification to obtain the European FCT and (PoP . )to~' 

5. The ACFRP was obtained from the FRP by using 

Table B-6 . 
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TABLE B-5. A~iculturn1 V!orke:cs and Ru:::-al Population in Europe . 

Grent 
Yep.1:' fu::itain G"","An:,{ Fr'l,!"& llib:: !:!2~ Bul~la YUf,oslavi a EU!Qll£ 

number of agricaltural workers (percentage of total population): 

1800 10 e 
1820 
18/.0 
181',0 6 e 
1870 5 e 
1880 
1900 5 e 
1910 5 
1920 5 
1930 
1940 2 e 
1950 2 

30 e 

20 c 

16 e 
15 
17 

15 e 

35 e 

26 c 
25 e 

23 e 
22 
23 
18 
18 
16 

45 e 

40 e 

30 e 
26 
27 

20 
16 

50 e 

45 e 

40 e 

34 e 
31 e 
30 e 

50 e 

50 e 

45 e 

42 
46 
40 e 

50 e 

45 e 

40 e 

33 

30 e 

census rural population (percentage of total population) : 

1800 60 e 
1820 
1840 
1850 
1860 35 e 
1870 
1880 
1890 
1900 25 e 
1910 
1920 23 e 
1930 
1940 21 
1950 15 e 

20-30 

80 e 

70 e 
64 
59 
53 
46 
40 
38 e 

30 
31 

80 e 

75 
72e 

50 

50 e 

47 

85 e 90 e 

75 e 85 e 

60 e 75 e 

58 e. 73 e 
72 

55 65 e 
50 64 

95 e 

90 e 

80 e 

78 e 

75 
75 e 

1930 percent rural population group : 

30-40 40-50 50-60 60-70 ' 70-80 

other countries in population group : 

Austria Neth. Czech. 
Belgium 
Denmark 

• 
Greece Romania 
Hungary Spain 
Ireland Turkey 
Portugal 
Switzerland 

99 e 

97 e 

95 e 

90 
88 
86 e 
84 

80- 90 

Albania 

weighting factor (based on 1930 total population): 

50 83 50 56 60 49 15 

38 e 
36 e 
3/. e 
31 e 

2ge 
27 e 

21 

21 e 

82 e 
79 e 
76 e 

73 e 

65 e 

57 e 

54 e 

49 

363 



Year 

1840 

1910 

1930 

1940 
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TABLE B- 6 . Fraction of People 

in 0 to 4 Year Age Group (41). 

England 

. 13 

. 08 

Germany 

. 09 

. 06 

. 04 

Southern and 
Eastern Europe 

. 10 

Europe 

. 09 

. 16 e 

. 13 e 

.10 e 
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6. The FCTV was calculated by arbitrarily assuming 

DVillage = 1000 people/sq . km. 

7 . Tne Total ACRP was calculated by using the equation , 

Total ACRP = ACFRP + ( . gO)AW 

Northern India . In order to obtain an idea of the relative 

meteorite collecting capabilities of the various Indian 

states, Table B-7 was constructed . A wide range of recovery 

rates is evident from this table and for this reason , India 

was divided into "Northern" (high rate of recovery) and 

"Southern" (lower rate of recovery) parts. Included in 

Northern India were the Gangetic Plain states of Uttar 

Pradesh, Bihar and West Bengal plus Punjab and the Pakistani 

state of East Pakistan . These states also lie in the high 

population density area of India. The results of the popula

tion survey for Northern India are shown in Table B- 8 and 

the literature sources· and assumptions employed in construct-

ing the table are listed below . 

1. India was assumed to be village-rural. 

2. The TP for Northern India was taken from Table B- g 

the data for \.,hich was draNn from several sources (11,42,43). 

"Old" India and "Modern" India refer to pre-partition and 

post - partition boundaries respective ly. The twentieth 

century ratios of Modern/Old and Northern/Modern were 

computed from knO\ofn figures and the earlier ratios estimated 

from them. These estimated ratios were then used to calcu-

late the Modern India TP and Northern TP. 
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TABLE B-7 . Rates of Recovery of Meteorite Falls 

for 'Indian states (1810 to 1950). 

Sta te 

Uttar Pradesh 

West Bengal 

Punjab 

East Pakistan 

r~adras 

Himachal Pradesh 

~'lysore 

Kerala 

Bihar 

Rajasthan 

Madhya Pradesh 

Andhra Pradesh 

Bombay 

Orissa 

Assam 

R 

(falls/lob sq . km .-year ) 

0 .81 + 0 . 14 

0 . 49 ± 0 . 19 

0 . 41 + 0 . 15 

0 . 40 + 0 . 14 

0.28 + 0 .12 

0 . 25 + 0 . 25 

0 . 18 + 0 . 08 

0 . 19 + 0 . 19 

0.16 + 0 . 08 

0.15 + 0 . 05 

0 . 15 + 0 . 05 

0 . 13 + 0 . 06 

0 . 10 + 0 .04 

0 . 09 + 0 . 06 

0.00 
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TABLE B- 3. Population Su=vey for Northern India. 

Area = 0. 846.106 sq. km. 

~ TP CUPD FCT FCTV 
(millions) (no. /sq. km. ) 

1821 66 3 4 5 . 01 .02 
1841 66 5 6 7 . 01 .02 
1861 96 9 11 13 .02 .03 
1831 126 12 14 17 .02 .03 
1901 133 13 16 19 .02 .03 
1921 13/, 16 19 22 . 03 .04 
1941 173 24 29 34 .03 . 05 

Ave. = . 03 

(Pop·)t 
CRP CRP 

Ye.qr m·m « 5000) « 2500) TRP At·[ 
(millions) (millions) (millions) (millions) (millions) 

1821 1 63 62 61 30 e 
1841 1 61 60 59 30 e 
1861 2 87 85 83 41 e 
1881 2 114 112 110 50 e 
1901 2 120 117 115 50e 
1921 2 118 115 113 44 
1941 3 149 144 141 43 e 

Ave . = 97 Ave. = 41 
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TABLE B- 9 . Total Population of Northern India . 

Modern Ratio of Ratio of 
Old India India Modern Northern Northern 

Year TP TP Old TP Modern 
(millions) (millions ) (millions) 

1821 130 110 e . 85 e 66 e .60 e 

1841 130 110 e . 85 e 66 e . 60 e 

1861 190 160 e . 85 e 96 e .60 e 

]881 257 218 e . 85 e 126 e . 58 e 

1901 285 235 . 83 133 . 57 

1921 305 248 . 81 134 . 54 

1941 389 314 . 81 173 .55 

urban definition = "communities larger than 5000" 
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3 . The CRP figures were taken from Table B- IO. The 

per cent rural values for all India in this table were 

either taken from the literature (42,43) or estimated and 

were applied without correction to both Northern and 

Southern India . India employs a rural population defini 

tion having n = 5000. An attempt was made in Table B- 8 

to change the data to apply to a definition having n = 2500 

by moving 20% of the CRP to CUP. Justification for this 

step may be found in the value for the ratio of (PoP ' )2500 - 5000/ 

(PoP ' )5000- 107 for India, 1951 (0 . 2) and for Virginia , 1940 

(0 . 19). Virginia comes the closest of the ten American states 

studied to the village - rural distribution . 

4. The FCTV was calculated by letting DVi llage = 

104 people/sq. km. This value was taken from a survey of 

Indian village population densities (42) which showed a high 

of 26 . 103 persons/sq . km . and a low of 9 . 103 persons/sq . km . 

It was assumed that the low value was more typica l thus 

arriving at an average of about 10.103 persons/sq . km . 

5 . The 1921 value of AW was taken/from Table B-ll. 

Values for other years in Table B-8 were estimated . 

Southern India . On the basis of Table B- 7, Southern India 

was made to include the Indian states of Andhra Pradesh, 

Kerala, Madhya Pradesh , Madras , Mysore, and Rajasthan . 

Table B- 12 showing the results of the popu l ation survey 
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TABLE B-l0 . Census Rural Population of India . 

Percent Rural Northern Southern 
Year for all India CRP CRP 

(millions) (millions) 

1821 95 e 63 31 

1841 93 e 61 32 

1861 91 e 87 48 

1881 90 .7 114 69 

1901 90 .0 120 77 

1921 88 .6 118 83 

1941 86 . 1 149 102 

urban definition = "communities larger than 5000" 
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TABLE B-11. Percentage of Indian Population 

in Agriculture and Fishing (35, 36) • 

Year -L 

1911 36 

1921 33 

1931 28 



- 209 -

TABLE B-12. Population Survey for Southern India. 

Area ; 1.420.106 sq. km. 

Yael:' TP CUPD FCT ~ 
(millions) (no. /sq. km. ) 

1821 33 2 2 1 .01 .01 
1841 34 2 2 1 .01 .01 
1861 53 5 6 4 .01 .01 
1881 76 7 8 6 .01 .01 
1901 85.0 8 10 7 .02 .03 
1921 93.7 11 13 9 .02 .03 
1941 118.7 17 20 14 . 02 .03 

Ave. ; . 02 

Year (Pop·)t own TRP A\.J 
(millions) (millions) (millions) 

1821 1 31 31 30 15 e 
181.1 1 32 32 31 15 e 
1861 2 48 47 45 22 e 
1881 2 69 68 66 30 e 
1901 2 77 75 73 32 e 
1921 2 83 81 79 31 
1941 3 102 99 96 31 e 

Ave . = 60 Ave . ; 25 
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for Southern India was constructed by the same methods as 

Table B- 8 . The values fo r TP were taken from Table B-13 

which 1s an extension of Table B- 9. 

Japan . The results of the population survey for Japan are 

sho~m in Table B- 14 . Assumptions and literature sources 

used in constructing this table are listed below . 

1. Japan was assumed to be village-rural. 

2 . The figures for TP and eRP are taken from Table B-15 

' which in turn is compqsed of data from several sources (37, 

44,45) . Since it has a very low population density, the 

island of Hokkaido was excluded from the survey by subtract

ing 2% of the Japanese TP for the years 1820 to 1880 and 5% 

for 1900 to 1940 . The basis for these values is the fact 

that the ratio of the population on Hokkaido to that of all 

Japan in 1955 was 0 .05 (11). The rural population defini -

tion for J apan cannot be translated directly into American 

terms because the political subdivisions do not correspond. 

However, for the purposes of this survey, the Japanese 

definition was arbitrarily assumed to be the same as that 

for the United States. 

3 . The D ill used in calculating FCTV was arbitrarily v age 

assumed to be slightly smaller than that for India and was 

assigned a value of 8 '103 persons/sq. km. 

4 . The AW was estimated by using Table B-16. 



- 211 -

TABLE B-13. Total Population of Southern India. 

Modern Southern Ratio of 
India India Southern 

Year TP TP Modern 
(millions ) (millions ) 

1821 110 e 33 e .30 e 

1841 110 e 34 e .31 e 

1861 160 e 53 e .33 e 

1881 218 e 76 e .35 e 

1901 235 85.0 .36 

1921 248 93 .7 .38 

1941 314 118.7 .38 
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TABLE B-1!.. Population Survey for Japan. 

Area = 0."21.9'106 
sq_ km. 

Yenr TP CUP CUPD FCT FCTV 
(millions) (millions) (no./sq. lan.) 

1820 20 1 4 .01 .02 
1840 25 2 8 .02 .03 
1860 30 3 12 .02 .03 

_ 1880 36 5 20 .02 .04 
1900 44 7 28 . 03 .05 
1920 53 10 40 .04 .06 
1940 69 17 68 . 06 . 09 

Ava. = . 05 

(PoP')t • 
Y"'ar own CRP TRP AW 

(millions) (millions) (millions) (millions) 

1220 0.3 19 19 10 e 
1240 0.4 23 23 9 e 
1860 0.5 27 27 9 e 
1880 0.7 31 30 10 e 
1900 0.8 37 36 lle 
1920 1.0 43 42 12 e 
1940 1.4 52 51 13 

Ave. = 33 Ave. = 10 
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TABLE B-15. Total Population and Census Rural Population of Japan. 

TP Percent CRP 
~ TP no Hokkaido CRP Rural 

(millions) (millions (millions) 

1820 20e 95 e 19 e 

1840 25 e 93 e 23 e 

1846 26.9 

1860 30 e 90e Z7e 

1872 33. 1 

1880 37. 0 36 87e 3le 

1893 41.4 

1900 46. 7 44 84e 37 e 

1920 56. 0 53 45. 9 82 43 e 

1940 72. 5 69 75 e 52 e 

1947 78. 6 52. 2 66 
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TABLE B-16. Agricultural Workers in Japan (46) . 

Year AW Percent of TP 
(millions ) 

1938 13.5 19 

1950 16 . 7 20 

1955 16.5 18 
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Rural Population Point Densities . The assumptions and data 

used to arrive at the rural population point densities are 

outlined in Table B-17. An attempt was made to compare 

climatic conditions of the various regions by listing the 

average temperature and precipitation for reference cities 

within the regions . These data (11) are shown at the top 

of the table. On the basis of these figures, somewhat 

arbitrary values were assigned to the coefficients "a" 

and "b" for each region (where a = the fraction of rural 

inhabitants scattered at random during a winter day in a 

farm- rural area and b = the fraction of agricultural workers 

so scattered in a village-rural area). Northern and Southern 

India were assumed to experience similar weather. Their 

summer weather during the months of June, July, and August 

is largely dominated by the Southwest Monsoons which should 

make the summer months less favorable for the recovery of 

meteorites . Japan, Europe, and the United States were 

assumed to have similar winter weather . 

The densities of farms and of cities, towns, and vil-

lages were computed as indicated below: 

United States - An average of 5 persons per farm house

hold for the period 1820 to 1940 was • 

estimated from Table B-18 (34). The 

calculated value is much greater than 

the density of cities and towns. 
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TABLE B-18. Population Per Household (34) . 

Year All Types Farm 

1890 5 .0 5 . 3 e 

1900 4 .8 5.1 e 

1910 4 . 5 

1920 4 . 3 4 . 7 

1930 4 . 1 4 . 6 

1940 3 .8 4 . 3 

1950 3 . 5 4 . 0 



Europe 

- 218 -

- The average number of people per farm house 

hold was arbitrarily assumed to be the same 

as the United States figure . It should be 

noted that this leads 'to a density of farms 

about one-half that of the United States 

,'Thich may be too high . France was chosen 

as a reference country for the calculation 

of the density of cities, towns and villages . 

In that country, in 1954, there were 37,000 

communes (out of a total of 38,000) which had 

populations of fewer than 2000 people (11). 

Thus the village-rural character of this 

region is very apparent. 

N. India - According to the Indian Census , there were 

558,000 villages (places having fewer than 

5000 inhabitants) in 1951 (43) . The frac -

tion of these in Northern India was es

timated by simply multiplying by the 

fraction of the Indian TP in Northern 

India in 1951. 

S. India - The same method as that used in Northern 

India was used here . 

Japan - The density of vi l lages was estimated to 

be about 0 . 5 villages/sq . km . on the basis 

of a conversation with an i nhabitant of 
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that country. This would give the average 

Japanese village about 250 inhabitants 

which is a reasonable figure. 

The FCT or FCTV ~lere taken directly from Tables B- 1, 

B-3, B-8, B-12, and B- 14 . The ACRP, AW, and RA from these 

tables along with the values of "a" or "b" were then used 

to calculate the pIS according to the equations given near 

the beginning of this Appendix . It is evident that the 

denSities of farms and of cities, towns, and villages are 

negligib le compared to the daytime rural population densities . 

A rough check on the values for Pds and Pns for the 

United States may be made by referring to Ninninger ' s values 

of 6 . 2 people/sq. km. and 3 . 1 families/sq . km . in a west 

central Missouri area during August of 1932 (29) . 

h'ith the calculation of these values for the p I S, the 

population survey was completed . 
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PROPOSITION 1 

. 
In radiochemical procedures , where a carrier is employed 

and the yield of the radioactive component is found from the 

carrier yield (e . g . , many neutron activation analytical pro -

cedures ) , electroplating offers a convenient method for 

separ ating elements and , at the same time, presents them in 

a form suitable for radio active counting . Where several 

elements are to be determined simultaneously, controlled-

potential electrolysis must be used . However, if more than 

several elements are' to be separated by this method, the 

usua l procedure of removing the cathode between platings is 

cumber some and time consuming and a method providing for con-

tinuous plating and removal of the deposit from the solution 

would be very desirable. 

A plating apparatus, built for this purpose, is shown in 

Figure 1. The cathode is a strip of gold foil (1.5 x 36 

inches) which is moved continuously through the solution . 

The area exposed for plating is about 1.5 square inches. 

The potential of this cathode is monitored by a saturated 

calomel electrode and is advanced (to more negative values) 

at a uniform rate by means of a motor-driven potentiostat. 

The plated fOil strip is dried with alcohol vapor as it 

emerges from the solution . Theoretically, the metals should 

begin to deposit when the cathode potential reaches their 

decomposition potentials and should continue to deposit until 

they are completely removed from the solution . Because the 
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potential plays a major role i 'n any separations achieved 

by this apparatus, I have called it a "potentiograph" and 

the plated foil strip is then a "potentiogram ." The poten

tiogram would be cut up and the sections placed in a counter 

(presumably a gamma-spectrometer) and the activity due to 

the various radionuclides determined. The amount of each 

carrier element on each section would then be found by 

some method, the carrier yields calculated, and thus 'the 

amount of each element in the original sample determined. 

Two opposing factors help to determine the rate at 

which the fOil strip and cathode potential are advanced. 

Th,e fact that the ac ti vi ty to be measured may be decaying 

with a relatively short half-life leads to the desire to 

plate the metal in as short a time as possible. However, 

maximum resolution (i.e., ratio of the distance over which 

the metal is plated on the fOil strip to the length of the 

strip) is achieved by advancing the fOil strip and potential 

very slowly. A compromise rate must be found. 

A trial experiment was performed using a 30-ml., 0.5F 

HCl solution containing 10 mg. each of mercury, nickel, 

cadmium, chromium, zinc, tin, germanium, copper, iron, 

molybdenum, cobalt, pall~dium, platinum, osmium, rhenium, 

and gold, 1 mg. of arsenic, and 2 mg. each of antimony and 

indium . The tape was advanced at about 2 inches per hour 

and the cathode potential at 0.15 volts per hour for 7 hours 

while covering the range +0.70 v. to - 0 . 4 v. vs . S.C . E . At 
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this point, hydrogen evolution became excessive and 25 drops 

concentrated ammonium hydroxide were added changing the pH 

to 9 .0. A brown precipitate formed and was later found to 

contain portions of the platinum, copper, iron, - cobalt, 

nickel , cadmium, zinc, tin, germanium, molybdenum, and 

chromium. Electrolysis was continued for 1. 5 hours while 

the cathode potential was advanced from - 0 . 80 v . to -1. 05 v . 

vs. S.C.E. The gold foil strip was then cut into l-inch 

sections and examined by an x-ray flourescence apparatus . 

Earlier p l a tings of 0 . 3 mg ./sq. cm. copper over gold had 

showed no r eduction in the counting rate for the gold -L~ 

peak and thus this peak was used as a standard to which the 

intensities of all other peaks were referred . This method 

of analysis yielded a very rough indication of where the 

elements plated out and the results are shown in Figure 2 . 

The conclusion must be drawn that some separations were 

achieved but the resolution would have to be better for 

practical applications . 

Thus, it is proposed that the potentiograph be further 

investigated as an apparatus for obtaining separations of 

radioactive metals and that different supporting electrolytes 

be tried. 

Convenient methods for determining the yield of carrier 

element on the strip0ther than x - ray fluorescence which is 

not adequate for all elements) present themselves . After 

counting, the sections could be reirradiated with thermal 
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neutrons for short periods of time, recounted, and the yield 

of carrier calculated from the new activity . Another approach 

might involve the dissolution of the plated metals and their 

analysis by polarographic methods . 

Advancing the cathode potential .. lith time is not the 

only way to achieve separations with this apparatus. Complex

ing agents, such as ethylenediamine tetraacetic acid (EDTA), 

could be used to prevent the deposition of certain metals 

by employing techniques similar to those used in controlled

potential coulometric analysis. Since the ratio of un

complexed to complexed metal is pH dependent, titration of 

the initially complexed metals with acid should "free" 

these for deposition at the controlled cathode potential at 

different points in the titration. Preliminary calculations 

indicate that the ratio of complexed to uncomplexed metal is 

reduced to 10 over a range of several pH units for the metals 

cobalt, cadmium, zinc, nickel, copper, mercury, chromium, 

and iron . Another possibility is the separation of halide 

ions. A silver strip could be used as an anode and the 

anode potential advanced to more positive potentials with 

time . 
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PROPOSITION 2 

As will be discussed in Proposition 3, a proposed 

method for finding the amount of mangane s~ -53 in a sample 

i nvolves neutron activa.tion to manganese - 54 . However, the 

activation cross section for manganese-53 is unknown and 

must therefore be estimated. No methods could be found in 

the l iterature to perform this estima.tion . The relationship 

bet\-leen cross section and l evel density in the resonance 

region is fairly .~ell understood and smooth variations with 

mass number are known to exist . However, in the l/v region, 

the cross sections are strongly influenced by the proximity 

of the l owest lying resonance peaks and smooth variations 

with mass number are not found (1). 

I decided to search for a correlation between the 

thermal neutron activation cross section and parameters 

which could be calculated from nuclide masses . The latter 

qual i f ication was applied because the mass is one of the 

fi r st quantities determined for a new nuclide and therefore 

i s ordinarily available for use. The approach adopted was 

to assume that the absorption of a neutron by a nucleus 

l eads to a change in the stability of that nucleus where 

stability, S, is related to the nuclide's position on its 

mas s vs . Z. parabola by the equation 

S(Z,A) = (M(ZA,A) +5) - M( Z,A) . ( 1) 
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The change in stability, 68, which the nuclide undergoes 

in absorbing a neutron is given by the equation 

68 = 8(Z,A+l) - 8(Z,A) 

and is the parameter which I tried to relate to the cross 

s ection. A computer program was written which took the 

tabulated nuclide masses and calculated: 

1 . the constants for the parabolas at each mass 

number (by making a least squares fit at mass 

numbers where enough nuclides existed or inter

polating where there were not enough nuclides), 

2 . 8 for each nuclide, and 

3. 68 for each nuclide (wherever 8 for the activa

tion product was known). 

( 2) 

The values for 6 S were then plotted against the log of the 

cross section, rr , for the nuclides after dividing these 

into groups on the basis of even or odd Z and even or odd N. 

Only for the even N-odd Z nuclides, with N less than 33, did 

a clearcut correlation appear. Fortunately, manganese - 53 

belongs in this classification . rr for these nuclides is 

shown plotted against 68 in Figure 3. These pOints tend to 

group themselves according to three separate trends which ap -

proximate straight lines on this graph. The nuclides in each 

of these three groups are filling one of the three neutron 

shells: 3d5/2-3d3/2-2SI/2' 4f7/ 2 , and 4f5/ 2 . Thus the cor

relation ' between rr and 6 8 cannot be made only on the basis 

of even N-odd Z but must also include the neutron shell being 
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fil l ed . The straight lines in Figure 3 r epresent least 

square fits t o those nuclides belonging to each of the three 

groups . The average value for the factors separating these 

pOi nts from their respective lines is 2 . S and the l ar gest 

such factor is 7. These values provide some indication of 

the degree of correlation . 

Tne value of plot such as that in Figure 3, lies in 

its ability to predict as yet unmeasured cross sections for 

o ther nuclides . TIm nuclides to l'lhich this method might be 

applied are phosphorus - 33 and the previously mentioned 

manganese - 53. Phosphorus- 33 is thought to be of importance 

as a radioactive tracer in biochemical exper iments because 

i ts half-life (25 days) is longer than that of the commonly 

used , phosphorus-32 (14 . 3 days) . Proposals for the produc

tion of phosphorus - 33 are contained in the l iterature (2,3). 

The predictions for the thermal neutron activation cross 

sections found in Fi gure 3 for these two nuclides are 0.03 

barns for phosphorus-33 (6S = - 0 . 0018) and the rather large 

value of 200 barns for manganese - 53 (6 S = O. OOOS) . 

In view of the facts described above, it is proposed 

that the correlation found behleen (J" and 6 S for even N- odd 

Z nuclides with N<33 be further verified by a determination 

of the thermal n~utron activation cross sections for manga

nese - 53 and phosphorus-33. 
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PROPOSITION 3 

A~ter the prediction o~ the presence o~ cosmic-ray 

produced manganese - 53 in iron meteorites by Sheline and 

Hooper (4), Honda, Shedlovsky, and Arnold (5) separated 

this nuclide ~rom the Grant, Williamsto~m, Odessa, and 

Canyon Diablo meteorites and measured its activity ~inding 

respectively 299, 285, 197, and 92 d.p.m./kg. o~ meteorite. 

However, the actual amount o~ manganese - 53 could not be 

calculated because no accurate determination o~ its hal~-

li~e has been made . vlilkenson and Sheline (6) tried to 

establish an approximate value o~ 140 years ~or the hal~-

li~e on the basis o~ an estimated cross section ~or the 

nuclear reaction, Cr53 (p,n)Mn53. .This value corresponded 

to a ground state o~ ~5/2 ~or the manganese-53 nucleus but 

Dobrowolski, et al . (7) ~ound a ground state o~ ~7/2 which 

would mean a much longer half-li~e . Huizenga and vling (8) 

suggested a lo\~er limit of 1. 3 x 105 years on the basis o~ 

proportional and scintillation spectrometer measurements. 

Sheline and Hooper (4), using calculated log ~t values, set 

the range ~or the ha1~-li~e at 1 x 106 to 2 x 107 years. 

A precise measurement o~ the hal~-li~e o~ manganese-53 

must be based upon a dete~mination o~ the amount o~ this 

nuclide present according to the equation 

t l / 2 = 0.693 n/A , (3) 

where n is the number o~ atoms and A is the activity. Since 
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manganese-53 is found in such small quantities, it must be 

separated by using manGanese carrier and thus the problem 

is reduced to measurinG a very small amount of manganese-53 

in the presence of a much larger amount of manganese-55. 

If a value for the half-life of 1 x 106 years is assumed 

and 20 mg . carrier are used for 1 kg . of Canyon Diablo 

meteorite, the ratio of manganese - 55 to manganese-53 should 

be 3 x 106 . Two methods are proposed for making this 

measurement. 

Mass spectrometer method .--The use of a mass spectro -

meter to determine the a~ount of manganese - 53 has been pro

posed by Brown and Arno ld (9). In order to measure 1 part 

manganese-53 in 3 x 106 parts of manganese - 55, an ion beam 

of high intensity is needed. This was achieved by Charles 

McKinney by employing a triple filament in the mass spectro -

meter source. However, measurements at the mass - 53 peak 

location are complicated by the presence of a chromium-53 

peak (the natural abundance of chromium-53 in chromium in 

9.43%). Even though chromium may be present in the manganese 

to a very small extent, a sizeable mass - 53 background results 

because chromium is ionized much more efficiently than manga-

nese. One way to circumvent this difficulty, without taking 

elaborate precautions to remove chromium, would be to dis -

till added portions of enriched chromium-53 (99.97% chromium-

52 obtained from Oak Ridge) as chromyl chloride (10). The 



isotopic composition of the chrorrium remaining with the 

manganese should approach closer to that of the enriched 

chromium- 52 with each distillation and, if enough distilla-

tions are performed, the final isotopic composition of the 

chromium should be essentially the same . A separate meas-

urement o f the isotopic composition of the enriched 

chromium- 52 would provide data for the subtraction of any 

residua l chromium- 53 peak . 

Neutron activation measurement .--In Proposition 2 

t he t herma l neutron activation cross section for manganese -

53 was e s timated to be about 200 barns . Using a more 

conservative va l ue of 10 barns, the acti vity to be expected 

from manganese - 54 after irradiation for 5 days in a flux 

of 1014 followed by a decay time of 3 days is shown in 

Table 1. The activity from the reaction Mn55 (n, , )Mn56 is 

also shown. Fortunately, the half- life of mangane se - 54 

is much longer than that for manganese - 56 and the l atter 

will eventua lly decay to negligible levels . vmile the 

mangane se -56 still has activity compar ab l e to t hat o f 

manganese - 54, it can be used as a calibr ati ng s t andard 

and thus the concentration of manganese - 53 will be directly 

r e f erred to that of manganese - 55 . A gamma- spec trome t er may 

be used to singl e out the peak at about 0 . 84 Mev (common 

to both nuclide s) in order to sharpen the compari son . The 

thermal neutron flux which is to be u sed must be we ll 

moderated to avo i d the interferring reac tion, Mn55(n , 2n )~m54 . 
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TABIE 1. Activities Resulting fr'~m Thermal Neutron Activation . 

14 
Flux = 1 x 10 neutrons/sq . cm.-sec. 

Irradiation time = 5 days 

Decay time = 3 days 

Activation Half-Life of 
Reaction Daughter 

Fe
54

(n,7)Fe55 

Cr50 (n, 7 )cr51 

2 . 94 years 

27.8 days 

Decay Mode of 
Daughter 

E . C. (100,%) 
0 . 8357 (100%) 

13- (100%) 
0 . 8457 (100%) 
1. 81 7 ( 30%) 
2 . 13 7 ( 20%) 

E . C. (100%) 

0 . 3237 ( 10,%) 
E. c . (100%) 

Activity 

4 
5 x 10 d .p . m. ikg . 
of original meteori te 

4 
20 x 10 d . p . m. ! 20 mg . Mn 



The l ast two reactions in Table 1 may be used to provide 

standards to calibrate the initial counting of the soft 

x -rays from manganese-53. 

It is proposed that the follm·ring procedure be employed 

to attempt to obtain two values for the half- life of 

manganese - 53 . 

1. 650 grams of the Canyon Diablo iron have already 

been dissolved. 13 mg. manganese carrier will be 

added and this carrier separated according to the 

procedure used by Honda, Shedlovsky, and Arnold 

(5). Final purification w::'ll l;>e attempted by the 

cyclic electrodeposition or precipitation of 

manganese dioxide . 

2. The concentration of chromium- 53 '.nll be reduced 

by the repeated distillation, as chromyl chloride, 

of added portions of enriched chromium- 53 . The 

final yield of manganese carrier may be determined 

colorimetrically . 

3 . The soft x - ray activity from manganese - 53 will 

be counted. 

4. The manganese carrier (co.ntaining the manganese -

52) will be exposed to a moderated thermal neutron 

flux of 1014 neutrons/sq . cm .-sec . and the manga

nese - 56 formed allowed to decay to levels antici -

pated for the manganese-54 formed from manganese -

53 . A search will be made for the manganese - 54 
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gamma- radi ation us ing the remaining manganese - 56 

radiation as a calibrating standard . The con

centration of manganese - 53 in the carrier will be 

calculated from these counting data . 

5. The manganese will then be loaded onto a mass 

spectrometer filament by electrodeposition and an 

attempt made to detect the manganese - 53 peak. If 

detected, its intensity may be referred to that of 

manganese - 55 thus determining the amount of manga

nese - 53 in the carrier . 

6. The data for the amount of manganese-53 will be 

comb ined with the counting data for this nuclide 

and the half- life determined by equation 3. 
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PROPOSITION 4 

Neutron activation as an analytical method has two 

major assets: 

1. the analytical sensitivity for certain elements 

is greater than that which can be achieved by any 

other method, and 

2. when used in conjunction with gamma - spectrometry, 

the degree of separation of the element of inter

est, which is needed before interferences are 

eliminated, may be reduced and, if carried to 

the ultimate extreme, non-destructive analysis 

becomes a possibility. The latter asset is of 

particular importance when materials, such as 

meteorites, are available only in limited quantities . 

Any sample to be analyzed by this method may be con

sidered to consist of: 1) a matrix containing 2) the element 

for which analysis is sought . A major problem to the analyst 

is the estimation of the degree to which the matrix must be 

simplified (through physical and chemical separations) before 

the g~ma- spectrometric interferences from the matrix are 

reduced to negligible levels. The adjustment of the para

meters: neutron flux, ~Ieight of sample, irradiation time, 

and decay time following irradiation provides added power 

for the analyst but multiplies the problems of engineering 

the analysis, particularly if many elements are to be 

analyzed in a complex matrix . In addition, the reductio n 
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of the gamma- spectra to meaningfu l analytical values provides 

furthe~ data handling problems . Computers have been applied 

to the latter problem and a program developed by Kuykendall 

and coworkers at the Texas Engineering Experiment Station 

has been published (11) . Savitsky (12) has presented a 

discussion of the use of computers in generating and 

analyzing infrared spectra which is a lso of interest in 

the present problem. 

I believe that any solution to these problems should be : 

1. comprehensive--every conceivable source of r adio 

activity should be considered, and 

2. versatile -- the abi lity to vary each of the signifi 

cant parameters in the problem should be provided . 

With these objectives in mind, I have written a series of 

computer programs which 

(a) synthesize the gamma- spectra to be expected 

following neutron irradiation, and 

(b) analyze these synthetic gamma- spectra and, it is 

hoped, the experimental gamma- spectra which will 

eventually be recorded. 

Block diagrams showing the steps in these calcula tions are 

displayed in Figure s 4 and 5 . The symbols and abbreviations 

used in these diagrams are defined below. 

FLUX 

DSS(n) 

neu tron flux 

time -independent coefficients in the 

Batemann equations for nuclear and 

radioactive transformations 
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Data for I Program 1 : DSS Calculation 
Nuclides I 

(WTEL)(6 . 02xl023 )(ABUND) (f ti - (DSS(n)) = x une on 
Fluxr- (ATWT)of SIGMA FLUX HL) , , 

DSS Blocks 
for Chains 

l program 2: Order DSS Blocks 
I by Chain Daughter 

V DSS Blocks for 
Chains Ordered 
by Chain Daughter 

WTSM~ 
. Program 3: D Calculation 

IWTFR (D) = (WTEL)L[(DSS(n)) e- (TOITR(n)(FT)] x 
1FT 

~ 
-(TOTDR) (DT) e 

IDT 

D Blocks 
for Chains 

Analytical Data for Program 4 : Spe ctrum Synthesis 
Chemical Separates ~ 

(CX) = (RX)(CLT)(PMAX)(D) 
Lib r ary Spectra J 

(SUMCX) = L (CX) 

ISynthetic Spectra~ 

Figure 4. Block diagram showing the flow of data for 

the synthesis of gamma-spectra resulting from neutron activation . 
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Synthetic or 
Experimental ~ 
Spectra 

Program 5: Spectrum Analysi s 
Analytical Data 

(n;Y(CMAX))standard,(DT)=O for Standards - (SC1.tOJl:O) = 
(WTEL) standard "' Library Spectra 

DSS Blocks ~ 
(l\TTEL) 1 = (SCMAXO)(n , Y(CMAX))sample,(DT)=O samp e 

Orde r ed by / Chain Daughte r 

\Analytical Data \ 
for Sample 

Fi gur e 5. Block diagram showing the flow 

of data for the analysis of gamma-

spectra result i ng f r om neut ron 

activation . 



WTEL 

ABU ND 

ATWT 

SIGMA 

HL 

WTSM 

WTFR 

FT 

DT 

D 

TOTTR( n ) 

TOTDR 

CX 

RX 

CLT 

PMAX 

SUMCX 
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.,eight of the chain parent element 

(1 gram is used) 

isotopic abundance of the chain parent 

atomic weight of the chain par ent 

neutron act':'vation cross section for a 

chain member 

half- life of a chain member 

weight of the sample 

weight fraction of the chain parent 

element in the sample 

irradiation time 

decay time after removal from the 

neutron flux 

disintegration rate for the chain daughter 

total transformation constant f or a chain 

member 

decay constant for the chain daughter 

counts in channel x of a spec t rum 

r atio of counts in channe l x to the 

counts contained under the maxi mum 

energy peak 

l ive - counting time 

fraction of total disintegr ations con

tained under the maximum ener gy peak 

counts in channel x resu l ting f rom the 

summation of two or more spectra 
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factor w~ich converts the activity under 

the maximum energy peak to the weight of 

n,7 - chain parent element 

n, 7(CMAX) activity under the maximu~ energy peak 

due to the n,7 - chain . 

Progr am 1 takes the elmentary nuclear data and a value for 

the neu t ron flux , synthesizes all possible nuclear trans 

forma t ion chains (these chains start with a stable nuclide , 

end with an unstable nuclide, contain 5 or fe'ver members, 

a nd must y i eld at least 1 d . p.m. after a 3-year irradiation) 

and compu tes the time - independent coefficients for the 

Batemann equations for these chains (see Friedlander and 

Kennedy (13)) . Program 2 orders these chains according to 

t he chain daughters for convenience in later calculations . 

Progr am 3 computes the disintegration rate for each chain 

daughter f or a sample of a particular composition under 

specified i rradiation conditions . Finally, progr am 4 takes 

the output from program 3 and library spectra (obtained from 

the Scin ti llation Spectrometry Gamma - Ray Spectrum Catalogue 

(14 ) or experimental spectra for pure elements ) and computes 

the gamma - s pectr a to be expected . Provision is made in 

program 4 f or entering the composition of separates result 

'ing from anticipated physical or chemical separati ons and 

for calculati ng the spectra of these separates . 

Progr am 5 is designed to take synthetic or experimental 

spectra and anal yze these by finding the activity under the 
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maximum energy peak in each spectrum . A stripping procedure 

is then follo~led (using the library spectrum corresponding 

to t he nuclide for the maximum energy peak) thus exposing 

the next maximum energy peak in the spectrum . By this method 

a value for the activity under the maximum energy peak is 

obtained for each nuclide. The analytical data for the 

standards, which are exposed to the same flux as the samples, 

are combined with the activities under "Che naximum energy 

peaks in the spectra for these standards to obtain conversion 

factors, SCMAXO, and these factors then used to find the 

analytical data for the samples. HO~lever, if all conceivable 

sources of the chain daughter nuclide are to be treated, then 

the contributions from chains other than the simple n,y-chain 

must be considered. This is done by recycling al l calculated 

analytical data for the samples and computing the contribu

tions from the other chains usi ng the DSS blocks (the com

putations in this step are essentially the same as those in 

programs 3 and 4) . These other contributions are then sub 

tracted from the total activity under the maximum energy 

peak thus yielding a new value for the activity from , the 

,n, y- chain. Further recycling should provide the correct 

sample composi tion by iteration. 

It is proposed that the programs described above be 

further tested and eventually applied to the prediction and 

analysis of gamma-spectra resulting from neutron activation. 
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PROPOSITION 5 

Neutron activation may offer a method for analyzing 

for a number of elementz in a chondritic meteorite without 

chemic ally destroying the material . The statement of the 

problem of neutron activation analysis in complex matrices 

given in Proposition 4 may be restated for the present 

situation in the follo,Jing way: to what c.egree must the 

system be reduced (preferrably by physical methods) before 

usefUl analytical data for the minor constituents are 

obtained? Ideally, the procedure for the reduction of the 

system should yield separates, a knowledge of \'Jhose composi 

tion will be of value in explaining the structure, origins, 

and history of the meteorites . Correlations between indi 

vidual meteorites and divisions into families having similar 

composi tion might be a byproduct of any survey conducted on 

this basis. Physical separation of the mineral phases is 

the most direct method and should yield the most information . 

If activation is to be performed follOlqing separation, then 

this method would also introduce the least amount of contamin

ation. A method, which was used during an investigation of 

'the Bruderheim meteorite (15) is outlined in Figure 6. Five 

separates result from this procedure with varying degrees 

of cross contamination among them. However, with carefUl' 

\qork this contamination could be reduced to nearly negligible 

levels . T.~e separation of these phases would be conducted as 



- 248 -

Meteorite 

magne~ic ~c?~ration 

y 
non-magnetic port ion 

1 roast 

residue 

magnet ic separation 

non- magnetic uortion 

heavy liquid 
separation (tetra
bromoethane) 

magnetic portion 
metallic phase, Fe 

ma~netic portion 
troilite phase, FeS 

heavy uortion light uortion . . 
plagioclase phase 

heavy liquid or KA1S1308 
separation (methyl Ab NaAlSi

3
0

8 iodide) 

! 1 
heavy portion light portion 

oli vine- pyroxene phase phosphate phase 
py 
01 
Cr 
Il 

MgSi03' FeSi03' AlAlOy CaSi0
3 

Ap 3CaO ' P205 
(Mg, Fe)2Si04 
FeO· Cr2 03 
FeO ' TiD2 

Figure 6 . Scheme for the separation of 
chondritic meteorite phases (15) . 
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part of a more general survey including mineralogical 

examination and chemical analysis for the najor constituents . 

After these investigations have been completed, then neutron 

analysis would be attempted to find the cO:'lcentra tions of 

the minor constituents in these phas2s . 

Tab le 2 shows estimated fractions of ";he elements to 

be expected in each of these separates . Tne values shown 

for the major elements at the top of the table were calculated 

from the data for the Bruderheim meteorite (15) . The brack

eted values, which include those for the minor constituents 

shown in the second half of the table, were calculated from 

data presented by Krinov (16) . The major activities to be 

expected after the thermal neutron irradiation o f an "average" 

chondrite in a f lux of 1 x lOll neutrons/sq . cm .- sec . for 

eight combinations of irradiation and decay times are sho,~ 

in Table 3 . These activities were calculated by programs 1 

through 3 as described in Proposition 4. The detailed 

examination of the analytical possibiliti es must wait until 

programs 4 and 5 can be applied. However, a number of facts 

are revealed by an examination of Tables 2 and 3. 

1. The activities listed under DT = 0 are not of value 

unless special facilities exist for counting the 

samples immediately after removal from the flux . 

2. Tne phosphorus and silicon activities consist 

entirely of beta- radiation and thus their only 

effect on the analysis ,.nIl be the contribution 

of a bremsstrahlung background to the gamma- spectra . 
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T~LE 2. Fractional Amo~nt of Element Expected in Each Separate . 

The b r acketed val~es are estimated from (16) . 

Total \o;eight of El~.:1~nt in S\;;p3.rate 
Amount 

(g . /g. of Olivine 
Element meteorite) Metallic Troilite Plag10clase Phosphate - Pyroxene 

0 0.372 0 .06 0 .11 0 .01 0 .82 
Fe 0.224 0 . 35 0.20 0 . 45 
81 0.184 0 .05 0 .15 0 .80 
Mg 0 .148 0 .04 0 .96 
8 0.024 0 .04 0. 96 
N1 0.013 0. 99 0.01 
Ca 0.013 0 .05 0 .23 0 . 7 2 
Al 0 .012 0 .06 0 . 75 0 .19 
Na 0 .0069 (0 .04 ) (0 . 94) 
Cr 0 .0037 0.06 0 .94 
K 0 .0009 (0 .04) (0 . 94 ) 
T1 0 .0006 0 .06 0 .94 

y 

Mn 0.0024 (0 .09) (0 .16 ) (0 . 75) 
P 0 .0015 (0 .27 ) (0 . 48) (0 .24 ) 
Co 0.0011 (0 . 98) (0 .02 ) 
Cl 0.00047 (l.00) 
Cu 0 .00017 (0 . 50) (0 .50 ) 
Ge 53 p . p . m. (0 .83) (0 .12) (0 .05 ) 
V 50 p . p . m. (0 .04) (0 . 30) (0 .66 ) 
Br 25 p . p . m. (0 .04) (0 . 96) 
As 18 p . p . m. (0 .25) (0 . 75 ) 
w 16 p . p . m. (0 .97) (0 .03) 
Dy 2 .1 p . p . m. (0 .03) (0 .97) 
Ag l.4 p . p . m. (0 .13) (0 .87) 
8m l.1 p . p . m. (0 .02) (0 . 98) 
He 0. 60 p . p . m. (l. 00) 
Lu 0. 54 p . p . m. (l.00) 
Ir 0 . 38 p . p . m. (0 . 91) (0 .09) (l. 00) 
Eu 0 .27 p . p . m. (l. 00) 
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.TABLE 3. Major Activities Expected After Thermal Neutron Irradiation 

of an "Average" Chondrite. Flux = 1 x lOll neutrons/sq.cm.-sec . 

Activity (10
6

d . p . m.) 
Chain Daughter FT = 1 h. Parent Half Decay 

Element Life Mode DT=O 3.5 h . 22 h. Li:.. -- --
Dy 102m '1 6.6 
Ag 2.3m (3,'1 1.0 
Al 2.3m (3,'1 400 
Cr 3.5m (3 1.7 
V 3.7m (3,'1 16 
Cu 5.1m (3,'1 5.3 
Ca 8 . 8m (3,'1 2 .2 
Mg 9 . 5m (3,'1 57 
Co 10.5m '1 1060 
Br 17. 5m (3,'1 4 . 7 
C1 37.3m (3,'1 4.3 0 . 09 
Ca(l) 57 . 1m (3,'1 0.94 0 . 07 
Dy 2.3h (3,'1 8 .8 3 . 1 0.012 
Si 2.6h (3 17 6 . 7 0.050 
Mn 2 .6h (3,'1 490 193 1.3 
Ni 2.6h (3,'1 3. 6 1.4 0.010 
Eu 9.2h (3,'1 0 . 32 0.25 0.062 
K 12.5h (3,'1 0 · 33 0.27 0.099 
Cu 12.& (3+,(3- 1.6 1.3 0.048 
Na 15.0h (3,'1 29 24 11 0.012 
Ir 19.0h (3,'1 0.02 0.009 
W 1.0d (3,'1 0 . 078 0.045 
As 1.1d (3,'1 0 .12 0 . 11 0.069 0.003 
Ho 1.1d (3,'1 0 . 018 0.011 
Br 1.5d (3,'1 0 . 030 0.021 0.001 
8m 1.9d (3,'1 0.014 0.010 0 . 001 
Yb,Lu(2) 6.8d (3,'1 0 . 005 0 . 003 
Ge 1l.3d E.C. 0.005 0 . 004 
P 14.0d (3 0 . 067 0.064 0.048 
Cr 27.7d '1 0 . 12 0.12 0.11 0.099 
Fe 45.0d (3,'1 0.030 0.030 0 . 027 
Ni(3) 71.2d (3+,'1 0 . 008 0 . 007 
s,c1(4) 86 .6d (3 0 . 010 0.010 0 . 009 
Fe 2.6y E. C. 0.071 0.071 0.071 
Co,Fe (5) 5.2y (3,'1 0 . 061 0.061 0.061 

Total Activity 2140 232 13 0.37 

(1) 48 49 Ca (n,'1)Ca 
(3-

~ Sc49 chain 

Sum of Yb176(n,'1)Yb177 (3 - Lu177 and Lu176(n, '1)Lu177 chains (2 ) ) 

(3) Ni58 (n,p)Co58 chain 

(4} Sum of S34 (n,'1)S35 and C135 (n,p)S35 chains 
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Activity (106d . p .m. ) 

FT ; 24 h . 

D'r-o 3· 5 h . 22 h . l..!!.:.. 

6 . 6 
1.0 

400 
1.7 

16 
5·3 
2 . 2 

57 
1080 

6 . 6 
6 . 4 0 . 13 
2 . 2 0 . 17 

34 12 0 .047 
72 29 0 . 22 

2090 818 5 . 6 
15 5 . 9 0 . 040 

3 . 6 2 .8 0 . 69 
4. 4 3. 6 1.3 

21 17 6 . 4 
418 356 151 0 . 18 

0 . 33 0 . 29 0 . 15 
1.5 1.3 0 . 79 0 . 012 
2 . 2 2 . 0 1. 2 0.026 
0 . 36 0 · 33 0 .20 0.005 
0 . 63 0 . 59 0 . 41 0 . 025 
0. 29 0 . 27 0 . 21 0 . 024 
0 . 11 0 . 11 0 . 10 0 . 056 
0 . 13 0 . 13 0 . 12 0.087 
1. 6 1.6 1.5 1.1 
2 .8 2 .8 2 . 7 2 . 4 
0 . 72 0 . 72 0 . 71 0 . 65 
0 . 19 0 . 19 0 . 19 0 . 18 
0 .24 0 .24 0 .24 0 . 23 
1.7 1.7 1. 7 1.7 
0 . 90 0 . 90 ~ 0 . 90 

4290 1260 10 8 . 0 

Sum of Fe58 (n,Y)Fe59 13 - Co6Om Co6O (5 ) , y 
) 

Fe58 (n, Y)Fe59 13 ) Co59 (n, y)co6O 

Co59 (n,Y)Co6Om y 
) co6O 

and Co59(n,y)co60 chains . 
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3. Tne troilite phase offers interesting possibilities 

for the analysis of minor constituents since the 

major elements, iron and sulfUr, GO not contribute 

a great deal to the overall activity . 

4 . The metallic phase also contains few major con

tributors to the total activity and thus also 

might yield valuable information . 

5. The silicate phases are less clearcut since the 

distribution of the minor elements among these 

phases is not known . Hov/ever, this method of 

analysis might be expected to provide just such 

information . 

It is proposed that the data in Table 2 be applied by 

the computer programs 4 and 5 to evaluate the possibility 

of using neutron activation to analyze for the minor consti

tuents in the phase separates of chondritic meteorites . 
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