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ABSTRACT

PART I

£

£ method for the analysis of polonium-210 (138.4 day
half-1ife) and lead-212 (10.6 hour half-life) in rocks has
been studied. The procedure involves dissolution of the
sample and addition of 10 mg. lead carrier. The polonium

is secparated by spontanecus electrodeposition on a silver-
foil disk at rcom temperature from a 0.5F HCl medium con-
taining 0.05F hydrazine and the alpha-activity from the
polonium-210 measured with 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
with the lead carrier on a second silver-foil disk. The
yield of lead is defermined gravimetrically and the decaying
alpha-activity supported by the lead-212 observed with the
scintillation counter. The 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 materiail
into solution and to avoid high temperatures during fusion
of the sample. The wéight equivalent uranium found from

the polonium-210 analysis on the zircon agreed with the

mass spectrometric 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
meteorite data was 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 enstatite 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-white 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-
terms 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 denslity 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 19%0.
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A PROCEDURE FOR THE ANALYSIS OF POLONIUM-210
AND LEAD-212 IN ROCKS



1. INTRODUCTION

Tne Natural Radioactive Decay Chains

The science of geochemistry has benéfited a great deal
Irom the existence of the natural radiocactive decay chains.
A partial list of geochemical applications must include the
following.

1. The end products of their decay, the lead isotopes,
provide methods for the long-term dating of geological
deposits (2x107 to 5x107 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 1f their ages lie between
2,000 and 200,000 years (2).

3. The relative abundances of the chain members in
rocks reveal facts conéerning the geochemistry of uranium
and thorium as well as that of their daughters (3,4).

4L, 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) The parents of two of the chains are isotopes of
the same element, uranium, and thus cannot be separated by
geochemical reactions. Therefore, the ratio of uranium-238
o urznium-235 is a constant at any given time and the ratio
of the radiocactivity per chain member in equilibrium samples

mu

[ ]

t also be a constant. No such relationship exists be-
tween the thorium series and either of the two uranium
series because the ratio of uranium to thorium can assume
any value,

v

(b) The half-lives of the chain members range from
fractions of a second ﬁp to billlions of years., Within fthis
wide 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
those 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
emanation. The rate of loss of these l1sotopes
oh diffusion processes depends upon the type of crystal,
the degree of vrezkdown of the crystal, the temperature, and
the initial location of thorium and uranium within the crys-
tal (6). The loss of radon, in particular, is a potential
source of disequilibrium in the uranium-238 series.

The disecquilibria 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
downi 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 radiocactive equilib-
rium with the group parent. A& complete study of the disequi-
librium present in any sample requires the determination of
the gquantity 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 basls for the discussion of the geo-
chemical reasons for this disequilibrium.

The radiochemical procedure employed by Rosholt (5,7)
separates at least one member of each group on carrier
precivitates. The alpha-activities of these precipitates
are then observed as functions of time, any complex decay

curves resolved, and the activity of a particular nuclide,
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2t the time of its chemical isolation from the decay chailn,
calculated.‘ The lower limits for the determinations of the
various groups by this procedure depend upon the uranium/
thorium ratio in the sample. Thorium-232 can be determined
down to 1 p.p.m. thorium in samples where this ratio is
low (5). The reproducibility of the lead-210 analysis is
about 8% for samples in which there is 1% uranium (7). In
the published analyses of disequilibrium samples (2) the
lowest lead-210 content analyzed was 20 p.p.m. equivalent
uranium and the lowest radium-228 content was 50 p.ﬁ.m.
eguivalent thorium,.

The present study was undertaken to find alternative
procedures for the analyses of the lead and thorium groups.
As was pointed out above, the thorium series may ordinarily

be a

[}

sumed To be in equilibrium in geological samples. There-
fore, Tthe analysis for any member of this group yields the
thorium-232 content. In the uranium-238 series the loss of
lead group members Irom a sample can only producé 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 4s 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-210 and lead-212 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. 1ions 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



TABLE 1-1. Electrode Potentials for the Half-Reactions
of Polonium and Other Species.
These are standard potentials except where noted.

Electrode
Solution or Couple Potential Reference

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

(about 10'5F) in 1.0F HC1 (PoClé_, PoC1_?

HPoClb?; + 0.23 (10)
in HC1 + hydrazine same as Pol' (10)
(lO—lOF) on gold from 0.iF HC1 + 0.37 (11)
(sabout 107°F) in 1.OF HNO, (Po(i0 )os Pt

Potttt  ete.) + 0.h45 (10)
AuCl;/Au(s) + 0.76 (12)
No;/HNog(g) + 0.70 (12)
PtCl) /Pt (s) + 0.Lg (12)
Fecl) /Fe'" (1F HC1) + 0.46 (12)
HgCl;—/HgQClg(s)(lO_SF Hg, O.SF HC1) + 0.32 calc.

from (12)
AgCl(s)/Ag(s) (0.5F HC1) + 0.00 cale.

from (12)
Au in 0.1F HC1 + 0.9F thiourea - 0.0k (13)
CuClg_/Cu(s) - 0.06 (12)
BiCli/Bi(s) - 0.08 (12)
H /H (g) (Pt saturated with - 0.30 (13)

H, in dilute HC1)

N1t T/Ni(s) - 0.48 (12)
Ny (g)/N H (1 atm. N,, 0.1F N, H/-2HCI, - 0.48 cale.

from (12)

0.5F HC1)
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medium onto silver, copper, bismuth, nickel, and an H2—Pt
electrode. Spontaneous deposition onto metals more noble
than =" nium 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 pold. According

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

jion, and the 1lons 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 deposltion
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
materials (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 fthe effect of stirring,
the acidity, the concentration of polonium, the temperature,
and the inhibiting effects of certain ions. Smith et al. (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, Biack (16)



TABLE 1-2, Recovery of Polonium as a Function
of Concentration (15). The polonium was
plated from 100 ml. at 90°C. onto silver foil.

Concentration Yield
(c.p.m. /100 ml.)

15 89,65

114 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 ml.) there was no correlation between the con-
centration and percent recovery of polonium at 9400. on
silver foils.

The recovery has been found to be independent of
the HC1l concentration as long as this was greater than
about 0.1F (13,15). The consensus of opinion of many in-
vestigators has been that high temperatures produce smoother
deposition 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 yleld of polonium by spontaneous
deposition on the silver decreases (13). Whitaker 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 contalning these lons were boiled after
saturating with sulfur dioxide. Haissinsky (21) employed
hydrazine in 20% HC1 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 ferrdus state
by ascorbic zcid, suliur dioxide or 1T may be complexed with
fluoride ion. Smith et al. (15) made a detailed study of
the yield as a function of the ferric ion <Loncentration and
thelr results are presented in Teble 1-3. The yield as a
function ¢ the concentration of nitric acid was investigated
by Black (16) who concluded that a concentration of 0.16F
nitric acid was ti.. highest that could be tolerated.

¥ost investigators who have examined the recovery of
4polonium on silver and other metals have found it to be less
than 100% (14,15,16,19). However, Feldman and Frisch (22)
conciuded from theilr experiments, with the successive plating
of polonium from the same solution on three separate silver
disks, that they were achieving an avefage 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 guestioned.
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TLEBRLE 1-3. Recovery of Polonium as a Function

of the rerr

},-

¢ Ion Concentration (15).

s
Corncentration of Fe' Yield

(moles/1.) (%)

0.5 x 1073 100. 4
1 x 1073 88.9
> % 1073 | 55.8
3 x 1073 22.0
L x 1073 16.7
5 x 1073 10.4
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Recent “ethods for the Sevaration and Analysis of
Radicactive Lead Tsotopes
Trhe helir-lives of the radioceactive lead isctopes may be

found in Figure 1-1. If alpha-counting is performed on the
rom a sample containing all three decay
chaings, the alpha-activity resulting from lead-214 and
lead-211 snhould decay to negligible levels by the time the
alvha-activity from lead-212 has grown to complete equilib-

ne growth of alpha-activity supported by lead-210

should remein negligible until the determination of lead-212

Rosholt does not directly determine any lead isotopes
in nis procedure. Recent methods for separating radioactive
lead isotoves have employed precipitation, extraction, ion
exchange, and electrochemical procedures. Godt and Sommer-
me:zr {(23) separated lead-210 from biological materials by

ioitation of lead carrier with sulfide., Von Gunten and

'
S
[
Q

Ledent (24) and Alberti et al. (25) extracted lead isotopes
as dithiozonates while Gorsuch (26) used sodium diethyldi-
thiocarbamate for the extraction of 1lead-212, Chen and
Wong (27), Dedek (28), and Gorsuch (29) have employed ion
exchange in the separation of lead isotopes.

Harrison et al. (30) reported an electrochemical pro-
cedure for separating bismuth-212 and lead-212. The bismuth-

212 plus bismuth carrier were deposited, using cathode poten-

tigl econtrol, from a O.5F HC1 solution heated to 8O—9OOC.



The lead-212 z2nd lead carrier were then deposited on a new
cathcode witn no control of the potential. Lingane (12) in
his procedures for the controlled-potential cathodic depo-
sition of Zecad emnloye & tartrate medium at a pH of 4.5 to

5.0 and poon temperature. Ishibashi (31) also used a tar-

trate nedium to successively separate bismuth-212 and
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2. APPARATUS AND EXPERINENTAL

Lonacous electrodaposition apvaratus for nolonium-

-

hown in Figure 2-1 was used for the
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egposition of polonium-210. The silver

ace to be plated was suspended in the solution by means

hole in %the 2.5-inch diameter watch glass., During the
temperature studies the heating tape, reguléted by a2 110 V.,
Varizc, was ussed to control the solution temperature. At
other times the beaker was placed directly on the magnetic
tirrer with asbestos between the two to minimize heat
tranzsfer from the stirring motor to the solution. The
terperature of the solution could be monitored by immersing
thermistor which was wired to a voltage supply
circuit. The current passed by the thermistor had been
caiibrated with respect to the temperatﬁfe. A glass-
encased magnetic flea, 1 inch in length, was rotated by

ne magnetic stirrer to provide stirring action. When the

bl

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

}.S

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

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

The gilver-antimony-glass disks were prepared by vacuum
evaporation of antimony followed by silver onto glass disks.
These disks were made from 0.05-inch thick soft glass and

nhad diameters of 1.5 inches. A center hole, 0.13 inches in
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diameter, was provided for the suspending glass rod when

plating polonium or for the contact screw when plating lead.

The glass disks were reused by dissolving the silver and
antimony with hot concentrated nitric acid and cleaning
with soap and water followed by a 30-minute treatment with

10% potascsium hydroxide. These disks weighed about 3 grams

Preparation of silver-foil disks.~--The silver-foil

disks were prepared by punching 1.25-inch diameter circles
Jatheson, reagent grade silver foil (0.005 inches
thick). A 0.13-inch diameter hole was punched in the center
ol ezch disk to accommodatethe suspending glass rod or the
contect screw. When used for plating polonium, the back

and edges of each disk were painted with glyptal to prevent

ition on these surfaces. The area of one side of

[@N
O}
&)
O
U)

these cisks was 7.8 sq. cm. Vnen the disks were glyptalled
he deposition of polonium, this area was reduced to
cgbout 7.0 sg. cm, and when they were placed in the plating
epparatus, the area exposed for lead plating was also about

7.0 sq. cm. These disks each weighed about 0.8 grams.

Preparation of polconium-210 solutions.--A stock

polonium-210 solution was prepared by milking a radium-D-E-F
solution. This was done by spontaneous electrodeposition of
the polonium-210 from a O.5F HC1l solution onto a silver-
plated platinum base at 950C. The silver and polonium were

then dissolved in 1.5 ml. cconcentrated nitric acid, the



solution diluted to 50 ml., the silver precipitsted as

silver cnhnloride by adding

6]
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cipitate separoted by riltration. Th
rated So dryness and 10 ml. of 6F HC1 added. The solution
Was agéin evapnorated to dryress, 1 ml. concentrated HC1

thne solution returned to 0.5F in HC1 by dilution
to 25 i, These pleaeving and precipitation steps wefe re-
peatcd once more to Surify the polonium-210 and the final
uted to 250.00 mi. in a volumetric flask to

give tne siock polonium-210 solution (0.5F in HC1). VWhen
prepered, this solution had an alpha-activity of about
1700 c.b.m./" mi. It was used over a period of 2.5 years
to prayare working polonium~210 solutions which had alpha-
activities of about 70 c.p.m./5 ml. This was done by
transferring the reguired volume of the stock solution oy
Divet to a 250-nl. volumetric flask, adding an amount of
conicentrated HC1 so that the final solution would be 0.5F
in EC1, and diluting to 250.00 ml. with distilled water.
The specific activity of the polonium-210 in these working

solutions was determined from time to time by evaporating

(&=

-ral, aliguot portions to cdryness on the silver plating

disks and counting the alpha-activity.

P

e rate of depogition of polonium as a function of

the temperature.--The plating solutions were prepared by

transferring 15.00 mi. of the polonium-210 stock solution

to & 100-m1. beaker and diluting to 20 ml. with O.5F HCI.



Ezch soiutionn was ralsed TO Ltnhe cdesired tewmperature and a
silver-Ioil disgk hung in 1t for a periocd of time while the
l-inch meznetic Tlee weas rotated at 500 r.p.m. To conclude
ezch wiating, the silver-foil disk was removed and the solu-

tion adhering ©o 1t weshed back into the main solution with

1 mli, ©.37 ZC1., Tne disk wes rinsed with distilled water

and sicohol, &l dried, and counted. It was then returned

to The sgclution for additionzal pliating. This process was

reneaced five Times., The inal plating was zt least 9 hours
in Zenzth and served o remove all the remaining pelonium-210

from sclution., Thne activity on this last plate was assumed
to ve the "platesble" polonium-210 activity originally present
in the solution and was used to calculate the fractions plated

out in the rrevious platings.

deposition of nolonium as a function of the

3

]
)

‘ne rate o

¢

©

volume,.--z2ach plating sclution was prepared by transferring

1

\Ji

.CO0 mi. 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 bezker and diluting to the desired volume with
O0.5F HC1l. Each solution contained an alpha-activity of
gbout 130 ¢.p.m. The plating procedure was performed in

the same way as the temperature study but at room temperature.

Denogition of lead or bismuth under polonium-210 plating
conditlons.--Five separate solutions were used in this experi-

ment. The first two of these solutions contained 5.00 ml. of
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the tThoriui- coruation, had total volumes of 20 ml. and
antinmony-ziacs disikt was suspended in each stirred colution
for 3 hours at room tempersasture. The disks were then re-
C. oven, and
counced.

“he tnird plating solution (L-66-59) contained 10 .
lezca in acdditcion to the Chorium-232 solution., The disk used
irt the same way as the first two disks.

Tinelly, in order to standardize the thorium-232 solution,

two Cisks (4-55-70, L-65-77) were electroplated with leasd from

ect of hyvarezine on the deposition of voloniun,--

The 20-ml. pleting solution contained 5.00 ml., of the working
polonium-210 solution arnd was 0.5F in HC1 and 0.05F in hydra-
zine dihydrochloride. Deposition was performed on a silver-

antimony-giass disk for 4 hours after which time the disk

was removed, rinsed with 0.bF HC1, air dried, and counted.

nercury, telilurium, platinum, gold, and

erric iron on the deposgition cof polonium.--Each of the solu-~

Yions used in this experiment contained 5.00 ml. of the work-
ing polonium-210 solution, 0.120 or 0.260 g. of hydrazine di-
nydrochloride {0.05 or 0.10F respectively) and milligram

The interfering ions: mercury, tellurium,
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platinum, gold, or ferric irocrn. nese levier were taken
Fa - e B T T e m e sy v PN R PN e T Ve v v I3 Nt A
from scluticrns of mercurzce chioride, Tellurium dioxide,
Dicvirum metal (discolved in agua regia, evaporeated to

neay the boiling voint for pericds of time ranging from 10
to 60 nminuces. The solution was then adjusted to 20 ml.,

...se C.UBF in ECL and any precipitate which had formed wes
sesarated by ilitration. Plating was then attempted by

susvending siliver-antimony-glass disks in the filtrate 2t

[oF]

rocn temperature while the soiution was stirred at 500 r.p.nm.

ting apperatus.--The ap-

parstas used for the controllied-potential electrodeposition
of lead is shown in Figure 2-2. The parts were mounted on
nt Electroaneliyzer which provided the stirring motor.
The transistorized potentiostat was designed to control the
sotential of the working electrode to +20 mV. when the cell
current was in the range 0-200 ma. The potential of the
working electrode reiative to the saturated calomel reference
electrode wags monitored with the aild of a Beckman Model-C

pHd Meter as a potentiometer and the cell current recorded
using an Esterline-Angus Graphic Ammeter. The mercury pool

contcect was found necessary to provide low resistance con-
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Figure 2-2, Apparatus for the controlled-
votential deposition of lead.



electrode zrm and the znode could be rotated to allow re-

moval of the lucite cetnode piece, The silver-foil dicgk
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and Sooss GLosl Wele Lol In place onn Thae lucite catn OQL,
A, - - - - - ey T K - LR ] 52 -
plece Uy & COonTUACT BCrew. he siiver-Tolil disks were
P R R g LTl e S >, o~y A b A )
sealicd To the gloss disks, bo prevent plating on the rear

sice, by o Thin ving of stopcock zrease around the outside
eCle .
The Tyoical lead vleting procedure began with the

oil diskx which was then placed in

the cathode, The stirring motor was started and plating
comneneed &% the desired cathode potential (-0.70 V. vs.

O minutes, The beaker was qguickly lowered

—~ [ €]
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{44
©
et
H
Ci
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while The stirring motor and the current remained on) and
a bezker of distilied water raised into position to flush
trhe cathode free of eleciroiyte. The lead~plated silver-
foil disk was then renmoved from the azssembly, the rear side
wined Tree of grease with a benzene soaked tissue, the
insed in benzene and then glcohol, and weighed after

alyr CGrying.

Dzcormmosition potential for lead from a tartrate medium.--

Arn electroplating solution was prepared containing 5.00 ml. of
leed carrier solution (10 mg. lead), 600 mg. sodium tartrate

liryirate, 260 mg. hydrazine dihydrochloride, and 20 ml.
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Co oatcout 4 with wvery dilute nCl., This solution was then
lask giving 10.00
wme. 133&/5 ml. The lead concentration was checked by

volarozrapny and found to be 10.0 + 0.1 mg. lead/5 ml,

Prazncration of the thorium-232 solution.--0.4020 g.

of Thoriun nitrate (Baker's reazent grade, Th(NO

3)u-4H20)

wepre dissoived in 8.3 ml. concentrated HC1l and this solu-

O-ml. volumetric flask where it

[«
o]
Ny
O

wes ailuted To 100.00 wmi. with distillied water. The calcu-
lated thorium-232 activity was 2.07 x 1O3d.p.m./5 ml. but
due to Tthe absence of rzdioactive eguilibrium the daughter
activities were less than this value. Calibration of the
thorium nitrate by gamma-spectrometry 1nd1cated that the
activity of the radium-228 group was 62 + 5% of the equilib-
rium value. This would mean 1300 + 100 d.p.m./chain

member/5 ml. 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—2io soluti&h (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. - O.5F
HC1l, 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 1lead
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 potentiél
of -0.70 V., vs, S.C.E. for at 1éast 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.--

Three plating solutions were prepared containing 20 ml.
0.5F HC1l, 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 ml. and then adjusted to 50.00 ml.
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 ml.
0.5F nitric acid, and any silver, which had dissolved during
stripping, was deposited electrogravimetrically on platinum
gauze 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 HCl. The
lead dioxide, which deposited on the anode during electrol-
ysis, was removed with dilute HCl 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 0.1lF HCl. The volume was then
adjusted to 50.00 ml. with additional 0.1lF HCl. The 1lead
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 were 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 with 2 ﬁl. concentrated HCl. 5 ml. O.5F
HC1l were added and a crystalline white precipitate, which
had been present since the aqua regia treatment, w;s
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 O0.5F HC1l 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 résidue was treated twice

with 2 ml, agua regia, warmed 30 minutes and evaporated

fo dryness. This treatment was repeated once more with

.1 ml, concentrated HC1l and the residue from this last
evaporation dissolved in 20 ml. O.5F HCl. In each solution
a very small white precipitate remained but was ignored.

260 mg. hydrazine dihydrochloride and 600 mg. sodium tartrate
dihydrate were added and the pH adjusted to 4.7 with 5F NaOH.
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The lead was deposited 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 expe?iments 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 O0.5F HCl. The polonium
was deposited on 2 separate silver-antimony-glass disks.

600 mg. sodium tartrate dihydrate weré 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 éolution 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% HC1l and taken once more to dryness.
The residue was dissolved in 3 ml. 20% HC1l, 260 mg. hydrazine
dihydrochloride added and the so}ution 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. O,5F HC1l, 5.00 ml, lead carrier solution
added, and the polonium and lead deposited as with solution
5-11-1.

5-11-3 and 4: These solutions were prepared and treated
in the same way as 5-11-2 with the exéeption that no sodium
peroxide was added. In addition, these sqQlutions contained
2 mg. ferric iron plus 0.1 mg. each of mercury, tellurium,
platinum, and gold. After the reduction step, the solutions
' were warmed 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 yilelding a solution plus
five or six white particles which remained undissolved. The
solution was carefully evaporated to dryness and the residue
treated Witﬁ 2 ml. concentrated HC1l and 41 ml. distilled
water giving a 0.5F HC1l solution 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 0.1l c.p.m./5 ml. of final solution.
0.1223 g. of the Kivu thorite were treated with 20 ml.
aqua fegia for 1 hour giving a solution plus an amorphous
white precipitate and some brown particles. The solution
was carefully evaporated to dryness, 2 ml, concentréted HC1

added, and the solution again taken to dryness. The residue
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was taken up in 2 ml. concentrated HC1l and 41 ml. distilled
water giving a 0.5F HC1l solution which was left for several
days. The clear solution was removed from the now crystal-
line white precipitate by decantation and the precipitate
treated again with 45 ml. 0.5F HCl. This solution was
filtered and the filtrate combined with the main solution.
Alpha-counting of thé filter paper showed 40 c.p.m. or
sbout 0.8 ¢.p.m./5 ml. of final solution.

The solutions of uraninite and thorite were combined
d and diluted to 250.00 - ml. with O.5F HC1l in a volumétric
flask., An analysis for the uranium ih this combined solu-
tion was 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 sodium peroxide
were used for each portion. In each case the solidified melts
were treated with 10 ml. 1.5F HC1l and transferred to the same
beaker where the solution was made acidic by slowly adding

25 ml. concentrated HCl and evaporated to dryness. The
residue was taken up in O0.5F HCllleaving a crystalline pre-
cipitate and an amorphous silica precipitate. These were
.allowed to settle'9 days, then separated from the solution

- by centrifugation and transferred to a filter 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. The solution was transferred to a volumetric

flask and diluted to 100.00 ml. with 0.5F HC1.

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

0.6564 g. of the zircon were mixed with 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'lo ml, 1.2F HC1l and transferred to a
beaker. Roughly 10% of the zircon appeared to be unaffected
and was treated a second time with a fusion mixture composed
of 2 g. sodium peroxide and 1 g. sodium hydroxide. The
solidified melt from this fusion was treated with an addi-
tional 14 ml. 1.2F HC1l and combined with the first solution.
The pH was adjusted to 1.0 with concentrated HCl. 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 warming. The residue from this dis-
tillation was taken up in O0.5F HCl. A very slight residue,
which appeared to be unattacked zircon, remained undissolved.
This solution was combined with the main solution and diluted
to 500.00 ml. with O.5F HC1l 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. 0.1F HC1l were used to back extract the
lead and the chloroform-dithizone phase was recycled seven
" times between these two aqueous solgtions while the pH of
each solution was maintained at its initial value. Finally,
all the dithizone was removed from the 0.1lF HC1l solution
(which now contained the lead) by extraction with fresh
chloroform.

The volume of the 0.1F HC1l solution was reduced to
about 40 ml. by evaporation and 260 mg. hydrazine dihydro-
chloride and 600 mg. sodium tartrate dihydrate added. The
pH was adjusted to 4.7 with 5F NaOH and the lead deposited

by controlled-potential electrolysis.
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3. DISCUSSION OF RESULTS

Procedure for Plonium-210

The plating apparatus used for the spontaneous electro-
deposition of polonium-210 is shown in Figure 2-1. Several
Qarieties 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
procedures.,

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.

L, 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 areaz as possible
(1limited, 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 fo eliminate the need to count two

surfaces.
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Two types of silver surface came closest to fulfilling these
requirements. The 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.E mg./sq. cm. ).
These were réferred 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 the stirred 0.5F HC1l polonium plating solu-
tions. The antimony must have been protected by the silver
from chemical attack or the 0.5F HC1l would have quickly re-
moved it. ‘This method 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 HC1l 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.



_35_

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;

L, +the effect of hydrazine on the deposition of
polonium; and

5. methods for eliminating the inhibiting effects
of mercury, tellurium, platinum, gold, and
ferric 1iron.

If the rate of deposition of polonium is diffusion

limited, it should be given by the first order equation
DA
" -7 (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

& = Hlxy - x) (3-2)

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

solution.. X is the initial amount of polonium in solution
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and x is the amount deposited. Dividing x and Xy by the
volume produces equation 3-1. Haissinsky (32) presents
the relationship

dx

ai—:a(x

L - x) - bx (3-3)

where a and b are constants related to the probabilities for
ionic discharge 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 10-9F
onto gold from O.5F nitric acid; the caﬁhodic deposition of
polonium from an alkaline medium, and the anodic deposition
of polonium from an acidic medium. Integration of eduation
3-1 between t = O and t gives the expression relating.the
fraction of polonium remaining unplated, Ct/Co’ to the

deposition time, t,

In (C,/C) =-o5t . (3-4)

Two separate experiments were performed in order to determine:
a) the time to plate one-half of the original polonium, t1/2’
and b) values for DA/VA 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 fréc-
tion remaining unplated at any time was calculated on the

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

tional yield was cglculated from the amount of polonium
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VOLUME 20 TO 23 ml

Figure 3-1.

20 30 40 50 60
TIME, MINUTES

Rate of deposition of polonium as
a function of the temperature.
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Figure 3-2. Rate of deposition of polonium as
a function of the volume.
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TABLE 3-l. Deposition of Polonium=210

as a Function of the Temperature.

volume range = 20 to 23 ml.

Temperature % Fractional
Disk Noe. Range 1/2 DA/Vd D/d Yield
oC.) (hours (1/hour) zmoftMT
7-5-1 Po 23P-26° 0.20 3¢5 10.5 0.94
7-8=3 Po ;A i 0.25 2.8 8e4 0.95
7-5-2 Po £5%51° 0.12 6.0 18.0 0.93

7-5=3 Po 79°-81° 0.06 10.7 32.1 0.94



Disk No.

T=8=1 Po
7=8=2 Po
7=-8=3 Po

7=5=1 Po

TABLE 3=2.

Volume
R
zml.i

150=153

75- 79

20=- 24

20- 23

Deposition of Polonium=210

as a Function of the Volume.

temperature range = 22° to 30%.

Y172
hours
1.60
0.90

0425

0.20

Dﬁ%!d D§d
1/hour cme/hour

0.43
0.77
2.8
3¢5

943
8¢5
8.8

11.0

Fractional

_Yield
0.93
094
0.95
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 tl/2
allow estimation of the time to quantitatively plate the
polonium-210 which is available for plating (i.e., about

six times tl/?)' 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 experiment s performed to determine the
extent to which trace quantities of lead or bismuth deposit
onto silver from O.5F HCl 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 activiéy 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 HC1l onto Silver.

Fraction of

10 mge Activity Total Activity
isk No. Pb Carrier Plating Time at t =0 Plated
(hours) (cepemes)

L=66-68 no 3 1.0 + 0.2 0.0028
L=b6=L] no 3 1.7 + 0.3 0.0046
L=FB=59 yes 3 0.7 + 0.1 0.0018
4=65=70 ' 362  + 3.3

(standard)
L=565=T7 362 + 3.2

(standard)
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and bismuth-212 will have decayed to negligible levels within
several days following depbsition 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 which 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. Thus the effect of the hydrazine is seen to be negli-
lgible.

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 perfofmed to devise
a method for removing the inhibiting effects of mercury, tel-
lurium, platinum, gold, and ferric ifon 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 HC1l to O0.5F. 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 HC1l 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 of 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 HC1

/ 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 HC1
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 thé lead-

212 analysis early the next day.

Procedure for Lead-212

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-

plafed disk for weighing and counting; and

L, a reference electrode to monitor the potential

of the working electrode and a potentiostat

which could control that potential to +0.20

volts.,
These features were added to a Sargent Electroanalyzer as
shown in Figure 2-2. Cathbde 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 HC1l solution containing 0.05F hydrazine
and 10 mg. lead carrier was made 0.1lF 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 shown 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-

termininé the yield of lead carrier.

As illustrated in Figure 3-U, the thickness of the lead
layer through which alpha-particles must pass to reach a
detector determines the 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 1lead,
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 Pair e 1 mg Pb
= Tt (3-5)
L Rair € SRaire A
where R refers to the range, p is the density, €'= Réb/Réir =
3.15 - 0.64 log (E'/ﬂ)-(O.Hl/Réir) (primed quantities denote

residual values remaining after emergence from the lead into
the air), €= 3.15 - 0.64 log (E/h)-(O.41/Rair), and mg Pb/A
is the areal density of 1ead, XPpyy e The curves for this
function for the alpha-particle energies corresponding to
polonium-210, bismuth-212, and polonium-212 are shown in

Figure 3-5. They deviate very little from straight lines:
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Figure 3-4.

passing through lead. For the
situation under discussion:

L=1py + 1550 = laips

and s>> X.
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over the region of areal density under consideration (i.e.,
less than 5 mg./sq. cm.).

Knowing 1/L and‘measuring or assuming values for S and
D a2llows the calculation of fa. Curves for fa vs. L and 1/L
are shown in Figures 3-6 and 3-7. The precise calculation
of fa is impossible because of the difficulty in measuring
S and D accurately. The linear portion of the f_ vs. 1/L

curve can be described by the equation

.

£, = (0.5 S)(1/L) + b (3-6)

for which the slope is 0.58. 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—210.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) (1/SR A)

€
air

(O.5)/Raire:A.

A plating experiment was performed in which the activ-
ity due to an initial deposit of polonium-210 was measured

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

(measured activity, c.p.m.) = f,ox fgx (true activity, d.p.m.)



- B -

S pue ( JO sen[eA paJansesw ayj JoJ I JO uoljouny B se °j *9-C 2an3Tg

wo ‘7
L 9 S 12 ¢ [4 |
| _ | I _ _ _
wd G¢'0 =S
wd 22¢=da
ONILV1d ©d

ONILV1d dd




_53_

*g pue @ JO Son[eA paanseaw ayz J0J /T JO UOT3oung e se

|-W 7 /|
0o¢ G2 0¢ gl

1]

J

*)=€ 2an3Tg

G0




040

0.35

030

0.25

0.20

Q.15

- 54 -

i 10 20 30
WEIGHT LEAD, mg
5 D=222 cm
S=035 ¢cm
B AREA= 40 50 .60 70 sq.cm
| | | | ] | ]
10 20 30 40 50 c0 70
WEIGHT LEAD, mg
Figure 3-8, f_ as a function of the weight of

a
lead for various deposit aresas.

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 fpund to be the case for the assumed
valueé of 0.35 enm. for S, 2:22 cm, for D, and. 7.0 sq. ¢m,
for the deposit area. In addition, .as was noted above, the
slope of the experimental curve in the linear regién 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
of 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 graininess would be difficult to avoid in'electro—
plating lead and just such a phenomenon would yield the ob-
served results. The experimental points frpm the plating
-experiment are shown plotted as open circles in Figure 3-8
for an area of 5.0 sq. ecm. The insert in Figure 3-8 shows
the calculated curve for fa vs./mg. lead for bismuth-212
"and polonium-212 alpha-particles from deposits having an
area of 5.0 sq. cm. The branching ratio for the decay of
bismuth-212 is taken into account. It is apparent thaf for
even the maximum quantity of lead carrier (10 mg.) used in
the plating of lead-212, a correction o; only 1% in the

measured activity is required.
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TABIE 3=5. Attenuation of Polonium-~210

Alpha-Activity by Lead.

Measured p
Activity Area (sqe cme) =
(Cepems)
137.9
133.5
123.5
104.0
852

Average (of first 4) =

Average deviation =

Measured Activity/f,

L.0 5.0 6.0

7.0

355

360

363
403
546

352
351
345
354
394

351

348
235
328
331

350
345
330
312

304

370
16

350
3

340
9

334
13
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The relisbility 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 a;e shown in Table 3-6. The
/ polarographic data, which are good to a few percent, confirm
the gravimetric data well enough to provide confidence in
the latter method for determining yieid.

Experience showed that there are sev?ral 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 where 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 tartrate precipitation of the lead since a
white precipitate is observed to forﬁ after a period of
time. For this reason, fhe polarograms were taken as soon

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

of lLead Plating Yields.

Solution Solution Solution

1 2 3
weight Pb deposited (by polarography) 2e7 mZe 3¢8 mge 7¢2 mge
weight Pb deposited (by gravimetry) 3.0 mge 3.8 mge. 7+3 mg.
weight Pb undeposited (by polarography) 6.5 mge _be6 mg. 2.6 mge

original weight Pb (check) 9+5 mge 1044 mge 949 mg.
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Alpha-Counting Correction Factors and the

Calibration of the Procedure

The detector used 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 1nside'a light-tight box
during periods of counting. The photomultiplier was coupled
to a conventional electronic scaler and high-voltage power
supply. The 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
fhe activity as the elapsed time from the base date in-
creased (2 to 7% per month). This was interpreted as g
decrease in the detection efficiency, fd’ 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 from radiocactive equilibfium

(i.e., since plating),

W

plating yield (in the case of lead), and
4. self absorption in the sample (in the case of lead).

Now,

(corrected counting rate, c.p.m.) _
true activity, d.p.m.

(chemical yield) x £, x £y

where, as stated previously, fa equals the ratio of the aver-

age so0lid angle subtended by the detector to 4= and £, is

d
the detection coefficient. The right side of the equation
will be referred to as the "conversion factor." f, cannot
be accurately determinéd 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,
fa 3% fd’ was not determined because a standard having the
same dimensions as the samples to be counted could not be
obtained. TFor 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 from J. N. Rosholt who assured me that this

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

The 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

100 x weight equivalent U

percent equlvalgnt = weight of sample

where "weight equivalent U" is that weight of uranium which
would suppoft the daughter activity present in the sample
in equilibrium. Using this terminology, the published

analysis for this sample is:

percent percent equivalent
U Rn-222 Pb-210
Katanga pitchblende (MS-OR) 44,96 42,9 42,5

Thus there are 315 d.p.m.)bhain member/mg. pitchblende at
the 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 séme sample 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 Kiva Thorite.
Weight Weight Corrected Specific Conversion
Run No. Sample el Activity Activity Factor
(mge) (nge) (Cepeme)  (Cepeme/mg.eU) (on 8/15/50)

Katanga pitehblende (MS-OR, 42¢5%eU at Pb-210, there
are 738.1 depem./mg.el):

Fod, Full 1.99  0.846 249k 294,47 04399
M=f3=2 v LA 242.0 286.0 0.388
7433 n n 242.0 286.0 0.388
T=43=4 u neo 238.9 28244 0.383
V=435 n n 25642 302.6 0.410
7-43-6 u n 25547 302.1 0.409

Average = 0.396 + 0.012

Weight Specific
eTh Activity
(mge ) . (cepeme/mgeeTh)
Kivu thorite (5643% Th, there are 245.7 depem./mg.eTh):
T=t=2 5.6 3615 28544, . 90.6 0.369
7"46"3 903 5024 47804 9103 Oo §72

® Average = 0.367 + 0.006
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factor were calculated from these analytical data and are
also shown ih this table. These values, which agree very
well with each other, were used in subsequent analyses to
calculate the weight-equivalent of uranium or thorium from

the corrected counting rate.

Combined Polonium-210 and Lead-212 Analyses

The first attempts aﬁ separating polonium-210 and
lead-212 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 émployed
as a flux to decompose the sample), and

(¢) 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 solutioﬁs, 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 soiution
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 T7-56-2 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 ﬁo 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 were relatively easy to dissolve. There still
remained the task of'analyzing for these two nuclides in
materiéls which were more difficult to bring into solution.
Polonium, in particular, offered difficulty if any material
remained undissolved because it required a relativeiy 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):

percent U percent equivalent U
Pa-231 Th-230 Ra-220 Rn-222 Pb-210
GsS-64 /51 72.8 76.5 4.6 73.0 68.5 69.1

where the "percent U" value is an average of 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
fhrough 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 ml. 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 Kiwvu
thorite reported by Poulaert. As shown in Table 3-9, the
results of analyses performed on aliquot portions of this
solution over a period of_ﬂ75 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-210 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 pegmatitei
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

Il

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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s of Aralvscs of Synthetic Mixture

ck Uraninite and the Kivu Thorite.

= Since Corrected Weight eU
Disk No. Soluticn Prepared Activity  Found Taken Ratio
(days) (cepems) (mge)  (mge)

Po-210: 5-59=1 Po 6 8347 0.286 0.372 0.770
5~59=-2 Po 6 8l.1 06277 1 0e745
5"59""3 Po l?.. 8609 O. 297 n 00799
559~/ Po 12 872 0.298 i 0.201
S5=mbl=1 Po 29 85¢1 0.291 . 0.784
7-32~1 Po 300 €7.8 0.300 n 0.206
7=-32-2 Po 300 89.4 «305 n 0.821
7-22=3 Po 300 89.5 <306 " 0.822
7-50~1 Po £00 99.9 0.341 n 0.917
7-5C-2 Po 400 993 0.339 I C.213
7-50-3 Po 475 95.9 0.328 i -0.882

Weight eTh
Found Taken Ratio
(ege)  (mg.)

Pb-212: 5"// -1 Pb 6 8205 00915 10377 0066
5“3/“‘- Pb 6 94.3 10046 " 0076
5-59~32 Pb 12 70.3 0.780 " 0.57
5«50~/ Pb 12 8943 0.991 " 0.72
S«tl=1 Pb 29 7361 0.811 u 0.59
7-32=-1 Pb 300 1177 1.306 B 0.95
7=-32~2 Pb 300 115.7 1.283 " 0.93
7-32-3 Pb 300 105.2 1.167 N 0.85
7-50-1 Fb £00 117.3 1.301 u 0.%94
7-50-3 Pb 475 126.9 1.407 L 1.02

5,00 mle of

the uranium~thorium solution were used in each rune.
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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 shown in Table 3-10.

The first two solutions were prepared using sodium
peroxide as the fusion flux. Tpe silica residue which re-
sulted upon acidification was simply separated by filtration
énd 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 peribd of 150 days in-
dicating that longer-lived parents of thegse nuclides were
lost on the silica.

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

Fal

of 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 1100°C. for several

hours and polonium loss by evaporation would be very likely;
2) if polonium formed a stable hexaf}ﬁoride 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
hypothesis, a fourth solution (7-63-1) of the zircon was

prepared using sodium peroxide as the flux but still employ-



(1)
(2)

(3)

(4)

TABLE 3-10.

from the Pacoima Canyon Pegm:

= TG =

Results of Analyses of the Zircon

0.0958 ge of

sample anglyzed.

zircon were fused with scdium peroxide

Time Since. Corrected Weight eU
- Solution Disk No. Solution Prepared Activity Found Taken Ratio
(days) (copeme) (mge) (mge)
Po-210:
(1) 5-37-1 Po ~ 20 4403 0.0138 0.0199 0.694
5=38~1 (2) 5-40-2 Po 7.83 0.0268 0.0384 0.697
5-40~3 Po 795 0.0271 U 0.706
5"111"4« PO > 5 3088 Ot0133 000192 0069[&
St 1=5 Po e 3487 0.0132 " 0.689
S5=tl=3 Po 150 11.62 0.0397 s 0689
S5=bl=f, Po 150 10,82 0.0370 " 0.642
(3) 7-59-1 Pc 2 1.18  0.0041 0.0345 0.118
7-63=1 (4) 7~63=1 Po 1 11.57 0.0396 0.0410 0.966
. 7-63=2 Po 2 11.55 0.0395 t 0.964
7-£3=3 Po 12 11.64 0.0398 u 0.971
Aversge = 0.967
+ 0.004
Weight eTh
Found Taken Reatio
(mge)  (mge)
- Pp-212: '
(1) 5-28-1 Pb ~ 20 0.30 0.0034 0.0060 ° 0.57
5-38«1 (2) 5-40-3 Pb 0.64 0.0071 0.0116 0.61
5-£1-/, Pb > 5 0.50 0.0056 060058 0.97
5«L1=5 Pb > 5 C.36 0.0040 u 0.69 .
S5=t/=2 Fb g0 1.07 - 0.0119 0.0175 0.68
7-63=1 (4) 7-63-1 Pb 1 l.98 0.0220 0.0124 1.77
7-63=2 Pb 2 l1.10 . 0.0122 n. 0.%8

and the entife

100 mle of solution prepared by peroxide fusicn of 1.8478 ge of
zircon and 5.00, 10.00, or 15.00-mle aliquot portions used for each

ITUe

0 mle of solution prepared by borex fusicn of 0,608 g. of zircon,
the silica distilled as the tetrafluoride, and a 150.00-ml. aliquot
portion used for the run.
500 mle. of solution prepared by peroxide fusion of 0.6564 ge of
zircon, the silica distilled as the tetrafluoride, and 150,00-ml.

aliquot portions used for each rune
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ing the evaporation of'silicon tetrafluoride for the re-
covery of adsorbed ions. The results of the analyses for
polonium in aliquot portions of this solution indicate
that the lead group in this zircon is in radioactive equi-
librium with the uranium,

The low thorium content made analysis for lead-212
extremely difficult. This difficulty was compounded by
the fact that the recovery yields of lead carrier were
quite low (about 50%) presumably because of adsorption of
lead on the zirconium hydroxide precipitate which formed
when the pH was 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 dithizonate with chloroform
prior to the pH adjustment. The results were disappointing
in that the yield of lead carrier was increased by only
about 10%. However, 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-212 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 of the Analyses

In order to provide a guide to the reproducibility
of the polonium-210 and lead-212 analyses, Table 3-11 was
prepared. This table lists the standard deviations for
the analyses shown in previous tables. In samples having
high concentrations of uranium and thorium (on the order’
of 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 considefed 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 which 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-212 in the Pacoima
Canyon zircon illustrates this point but would no doubt be
improved considerably if more runs were made. The very
favorable standard déviation for the polonium-210 in this
zircon is somewhat surprising in the light of what has been

said.
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L, SUMMARY

The detailed study of radioactive disequilibrium pat-
ferms in rocks 1s relatively new. Rosholt has reported 2
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 thérium 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 radiocactive 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 1is decomposed b& fusion with sodium
peroxide and taken up in HCl. 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-210 was determined by analyzing a sample
of the Katanga pitchblende. Analysis of the Kivu thorite

conversion factor for lead-212. These two factors

’
.

ave th
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0]

)

~ed by T%.
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The rate of deposition of polonium was studied as a
function of the volume and temperature 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 of 3 to 40 c.p.m. remained almost con-
stant under conditions of varying temperature (23 to 81°cC.)
and volume (20 to 150 ml.) and averaged 95%. The codeposi-
tion of lead-212 and bismuth-212 with polonium-210 was found
to be less than 0.5% thus eliminating any chance of inter-
ference from these nuclides. The darkening of the silver
surface during the polonium deposition is indicative of the
presence of interfering ions which can reduce the yield of
polonium., A reduction'proceduré emplbying hydrazine in T7F
HC1l was found effective in eliminating the interference
from 0.2 mg. each of mercury, tellurium, platinum, and gold.
Iowering the HC1 cancentration to 0.5F and warming eliminates
the interference from up to 2 mg. of ferric iron. The gravi-
metric determination of lead carrier yield was verified by
polarographic methods and the attenuation of the alpha-

radiation by the maximum amount of lead carrier was found
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to be only 1%. It was found extremel& 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 thoriﬁm 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 radiocactive de-

posits in a form most convenient for counting.
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A CHARACTERIZATION OF THE METEORITE FLUX
AT THE EARTH'S ORBIT



<81 -
1. INTRODUCTION

This study was undertaken in order to characterize the
meteoritic flux at the orbit of the earth 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 meteorites
the members of which 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
atmospheric 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. 1In addition, the statistics are
poor because the number of meteorites brought to the atten-
tion of scientists and collectors is small (about 700 falls
and 800 finds) and many of these have not been fully classi-
fied. | '

With these limitations in mind, I proceeded 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.



- 83 -
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" meteorites) 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 éource. The classifi-
cation system for meteorites used by PriqQr, 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 Sjstem 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 métter both in large
amounts. |

a, Pallasites--olivine stony-irons.

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

¢. Lodranites--bronzite-olivine stony-irons.

d. Mesosiderites--hypersthene—achondritic
stony irons.

III. Stones--consist mainly of stony matter, with pickelif-
erous iron and troilite, when present, scattered
through as small grains,

l. 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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b.

c.
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TABLE 2-1 (continued)

Enstatites

Bronzites

Hypersthenes

further qualified by color (white, intermediate,

grey, black), structure (crystalline, spherical,

brecciated, veined), and composition (carbona-

ceous, ete.).

2. Achondrites--chondrules absent.

a.

Calcium-poor achondrites

1)
2)

3)

k)
5)

Aubrites--enstatitic achondrites.
Ureilites--clinobronzit-olivinic
achondrites.

Amphoterites, Rhodites-~hypersthenous-
olivinic achondrites.
Diogenites--hypersthenous achondrites.

Chassignites--olivinic achondrites.

Calcium-rich achondrites

1)
2)
3)

)

Angrite--augitic achondrdites.
Nakhlites-~-diopside-olivinic achondrites.
Eucrites, Sherghottites--clinohypersthene-
anorthitic achondrites.
Howardites--hypersthene-clinohypersthene-

anorthitic achondrites.
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Columns Information

1,2,3,4 Reference number--meteorites taken in alphabetic
order and only every fifth number used to allow
for the insertion of new meteorites.

5,6,7 Year of fall or find--(1)001 A.D. to (1)966 o

8,9 Month of fall--01 to 12,

10,11 Day of fall--01 to 31.
12,13,14 Hour of fall--00.0 to 23.9.

15,16 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.).

17,18,19 Latitude--North or South and 00° to 90°.
20,21,22 Longitude--000° to 360°.
23,24,25 Mass--two significant figures and the power
of 10.
26 Mass--interval in base 2 logarithm system.
27 Number of pieces--corresponds to the mass
given above.
28,29,30 "f," % nickeliferous iron--00.0 to 99.9%.
31,32 "n," Fe/Ni--00 to 98; 99 = any ratio
greater than 98.
33,34 "m," MgO/Fe0--0.0 to 9.8; 9.9 = any ratio

greater than 9.8.
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35,36 "t," % troilite--0.0 to 9.8%; 9.9 = any
percentage greater than 9.8.

37,38,39 % Ni--00.0 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 pungh 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 each 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 yéar.
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.
L) 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.
L) 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.



- 8O =

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 @) , ' (3-1)

where r is the distance from the sun, 6 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

semilatus rectum.' The semi-major axis, a, is given by

a = p/(1 - 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 planef Whenever possible, 1 is assumed to be
0°. The coordinates Tos ee and T, ea are of special
interest since they represent the values of r and 6 at

the earth's orbit and at the asteroid belt respectively.
The radius of the earth's orbit, Tos 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 6rbit
lying in the plane of the ecliptic.

The components of the heliocentric velocity, v, at
any point in the orbit will be designated by Fps and A
The velocity of the earth in its orbit (assumed to be
circular) is v, (29.8 km./sec.). For a body receding from
the sun, the angle between v, and -v will be called qut
while for a body approaching the sun, the angle between =
and -v will be called gin‘ These angles are necéssary 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 velocity of the
flux, v, must be combined vectorially with that of the earth,

Vv to yield the direction of the flux in the geocentric

e’
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 anglés
between the transformed flux direction and midnight will
be designated ¢; and g . as shown in Figure 3-2. The
two angles will be symmetric with respect to the 900-270o
axis for meteorites travelling in the same orbit.

Figure 3-3 shows the quantities necessary for the
transformation of ¢§ut to ggut' In order to develop the
transformation equations, we may begin by assuming a wvalue

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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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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Figure 3-2. Projection of flux directions onto
the plane of the ecliptic.
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SUN
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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, ﬁ&ut’ is given by
-1
gout = cot ~ (e sin Oe/(l + e cos ee)) 5 (3-3)
and thé components of the velocity are
1 ‘
vg = Kp /be , and ; (3-4)
v, = Vg cot;Z'out (3-5)

1
- where k = 29.6 km.-a.u.”? /sec. The vectorial transformation

to the geocentric coordinate system is made by the equations

Vlt. = vI‘ > (3-6)
vy = Vg -V, , and (3-7)
Sut = tan™ (vé/V;) " ' - (3-8)

Substitution of equations 3-1 through 3-7 into equation 3-8
gives g . in terms of p and e and the constants K and V,

(in astronomical units):

g, = tan"d (p - VE/K)/(e? - (-1)D)2.  (3-9)

The curves for ﬁgut vs. e for various values of a are shown

‘in Figure 3-4.
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TYPE COMPOSITION OF THE FLUX

Much evidence has been compiled 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 pért of the sequence: radio-meteors,
visual meteors, photographic meteors, fainter fireballs,
great firebélls, detonating bolides, énd meteorites. The
contribution from cometary particles decreases within this
sequence as also do the eccentricity and inclination of the
orbits in which the bodies travel. These authors also de-
termined the root-mean square atmospheric 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 6f intersections between the orbit
- of a meteorite and the orbit of the earth. If the orbit

lies in the plane of the ecliptic (i=0), 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/1+e less than 1 a.u.).
If the orbit of the meteorite is inclined to the plane of the
ecliptic (17#0), there are:
no points of intersection (p/1+e greater than 1 a.u.
or p/l+e less than 1 a.u. and a node does not
ocecur 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=1amnu., 1.e.; the line joining the points of
intersection is the latus rectum; this is a
rather special orbit).
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

proportion 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



- 98 -

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 océurs on the order of

107 to 108 years;

¢) an asteroid is reduced to Z 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 fo?'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
vectorially 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 rj = 2.8 a.u. (approaching the sun) about 3.5 km./sec.
or more are still required to accomplish the transition.

Thus collision processes yielding velocities on the.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 explosion 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 &n explosive event takes
place at velocities of 3-4 km./sec. and at 5 km./sec. 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 meteorife

possesses the characteristics of a strongly compressed gas
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because the energy in the shock wave i1s much larger than
that due to the intermolecular cohesive forces. Shoemaker
(8) advances a description of the events attending these
éollisions for which he draws upon data compiled from sub-
surface nuclear explosions. The high-velocity meteorite
penetrating the ground is shattered and fused by the result-
ing .ock 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 thié 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 transfef
of momentum which would mean less energy is available for
the explosion. Since the average velocity of collision
given above (5 km./sec.) is near the threshold velocity for
an explosion, this wasted energy might lower the effective
velocity below the threshold value. However, the 5 km./éec.
collision is an average and many collisions must exceeﬁ
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 of the larger body into their
new orbits.

The question as to whether an explosive process can
produce fragment velocities of the order of 1 to 10 km./sec.
must still be answered. The events attending small explosions,
used for blasting rock, were investigated by Noren (10). He
found 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. If the same pictgre
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 calcu1a¥
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 10& calories per gram of asteroid. As for explosions
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TABLEV 3-1. Calculated Root-fne'an Square Speed
of Iron and Silicon Atoms as a Function of
Temperature. The expression ¢ = (3RT/M)% was
used for the calculation. The boiling point
for iron is 3300°K. and for silicon is 2900°K.

¢ (km. .
7T (°K) . ée /Sgg :

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-
tfopically with respect to the frame of reference of the
stationary asteroid and at velocities, vé, of 5, 8, and
10 km./sec. in the same reference frame. The simplified
‘2-dimensional case where the fragments 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
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 r, = 2.8 a.p;
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,
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¢) 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., dififerences 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 qualitatiﬁely 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 decreasing vé 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
that 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 1t composed of a
mixturé 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
avlarger 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 ngﬁber 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 by plotting the data on a fractional basis. Figures

3-7 and 3-8 show the log of the fraction of classified falls



- 108 -

opeodap ay3 JO uoTjouny B SB XnrJ TB303 3Yj JO uotq Tsodwo)

3avo3d

6y~ 6¢&~ 62~ 6l 60- 66- 68~ 6.- 69 65 6b- 6g- 62- 6l- 60—
(0)% 0¢ 02 Ol 006l 06 08 0L 09 O] o  Of 02 Ol = 0oos8l

| | | | | | | | | | | I | | |

SNOJI

/*i\&
So
O

-~

———0
v\

S3LIHONOHOV

S3LIHANOHD

R e e e

1

i1

*)-€ 2andTd

100

oo

00l

ST11vd d313ISSVI0 40 NOILOVYS



- 109 -

‘yjuow ayjz JO uoTjouny B se X[y [e303 9y3 JO uorgisodwo) °*g-£ 2an3Tg

0

v

11vd 40 HLNOW

r

r

N

v

A

SNOdYI §

SILIHANOHOV

SALIYANOHO

S
L

1

I

i1

fi1 a1

100

0lo

00l

STIvd (d314ISSVI0 40 NOILOVYA



- 110 -

as‘a'function of decéde and of month respectively. Since the
chondritic falls predominate at all times, only the curves
for the 1rons and achondrites show wide fluctuations and

poor statistics play a part in these. The standard devia-
tion (sguare-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, 1t 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 éhows a clear-cut preferencé for
any particular month. Although these graphs are necessary
to characterize the flux, they do not cqptribute much to
the search for correlations in fall patterns between the
different types. '

Further resolution is achieved by plotting the month

vs. year for falls according to type. These graphs are
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shown in Figures 3-11 through 3-20 along with histograms
of the monthly patterns (by 10-day intervals) and yearly
patterns. The open circles in these graphs represent day-
time falls, the solid circles répresent ﬁighttmmafalls,
and falls for which the hour is unknown are shown as crosses,
The statistics for the 10-day interval histograms are'poor
and since these were evaluated for randomness, synthetic
distributions were generated for comparison by using a
random digit table (13). These are shown plotted in Figure
3-21. The features displayed by the graphs for the observed
patterns will be presented in outline form.
Irons:
a) evenly distributed with month except for
highef rates during Mar. 20-Apr. 20 and
July 1l-Aug. 10;
b) rate of recovery increased after 1900;
1850-1900 - 8 falls
1900-1950 - 23 falls ;
¢) prominent group of falls around July, 1935.
Octahedrite Irons: |
a) more highly concentrated during Mar. 20-
Apr, 20 and July 10-Aug. 10 than other irons;
b) July, 1935 group still present;
¢) no fall since 1935.
Stoney-Irons:

a) appear to be randomly distributed with month;
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Figure 3—21.' Synthetic monthly fall patterns
derived from a random digit table.
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b) suggestion of 30-year periodicity, 1840-1870-
1900-1930-1960(%2), with falls grouped within
+10 years around these years and absent from
the middle decade between them (1850-1860,
1880-1890, 1910-1920, and 1940-1950).

Enstatite Chondrites: |

a) randomly distributed 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 May;

b) suggestion of 30-year periodicity with broad
maxima around 1870 and 1930 separated by broad
minima around 1900 and 1960;

¢) 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 onlf one
fall after 1940.

Veined-White Hypersthene Chondriteg;
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. 303 |

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 monthly intervals in order to find which diséribu-
tions were least likely to be random. The results, shown in
Table 3-2, must be interpreted with caution 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 compafison
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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TABIE 3-2. Summary of the Results of the

Chi-Squared Test for Randomnesse

Noe. of Chi- Probability of

Meteorites Squered Randorness®
Observed distributions:
Irons 27 9.9 0.5
Octahedrite irons | 15 1642 0.1
Storey=-irons 11 5¢4 0.9
Enstatite chondrites 12 6.0 0.9
Bronzite chondrites 53 13.4 0.2
Veined-hypersthene chondrites L2 28.9 0.002
Veined-white hypersthene chordrites 18 233 0.02
Carbonaceous chondrites ‘ 18 10.0 0.53
Achondrites 50 17.7 0.1
Howarditic achondrites 14 18.6 - 0.08
Average
Nos of Chi- Probability of
Cases_ Chi-Squared Squered _ Randomness*
Synthetic distributions:

12 12.0 4.0 10.0 4.0 745 0.8

24 L0 1640 9.0 30.0 14.8 0.2

36 8.0 11.0 19.3 8.0 11.6 0.4

48 . 4e0 345 5.0 8.5 5.2 0.9

.
Probability that a random sample will give no better fit to a
uniform distributione.
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random digits if the number of cases is small. Thus, the

~ only conclusion which may be drawn from the test is that
the patterns which are least likely to be random are those
fbr 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 modei 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 magﬁi-
tudes of the asteroids obeyed the incremental law

M .

dN = ar © am, (3-10)

where dN is the number of asteroids with magnitudes between
MO and Mb + de, a is a constant, and r is the ratio of in-
crease for an increment of one magnitude. Ioglor 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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aN = (Nbc)m—(c+1) am (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

N = Nom’c (3-12a)
or log N = log N, - ¢ logm (3-12pb)

where N is the number of asteroids with mass equal to or

greater than m. c¢ is referred to as the "population index."
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

for his cumulative mass law. Obviously his NO is the log

NO in equation 3-12b and his 1.67 log r is c. He also uses
log N = N + 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 O.4c. Opik (16) uses the expres-

sions
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dN

cx P ax (incremental law)

and N

Nbx_s (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
2
log N = No - 2.5 log r log p

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

3-12a yields
- -3.0c .
N = 4Nod .

Thus Opik's N_ is L times my N, and his s is 3.0c. Brown
(17) plots the log of the number of meteorites for the
various increments of log m 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 dAN/dm) = log(Noc) - clogm.
From this expression it follows that

m dN/dm = (N’oc)'m'c (cumulative law)
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or to put it in my incremental form,
dN = (Noc)m-(c+l) dm (incremental law).

Theée-equations serve to show that the siope which he meas-
ures is the ¢ in equation 3-12b.

With this glossary to the various notations it is pos-
sible to transiate the Tindings of tnese three authors to
a comron notation for purposes of comparison. The results
are shown in Table 3-3. Opik points out that the nopulation
‘index reflects the histery of the population. That is,
fragmentation yieclds a large value for ¢ (e.g., the meteor-
ites) while accretion yields small values (e.g., the planets).
The agreement between the varicus authors is good and the
the sequence: astéroids, meteorites, bright meteors, faint
meteors appears clearcut with the increasing value of c
reprecenting greater and greater fragmentation. A word of
caution is in order. Erown'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 the

atmosphere.
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TABLE 3-3. Summary of Values of the Population Index, ¢, as

Calculated from the Data of Other Authors.

c
Radius Hawkins Opik Brown
(16) (15) - (16) (17)
") =
micrometeors 10 7=10 < Cle 0.53-0.50
faint meteors -1 1.34
10 "=1 cme ) 101-104
bright meteors 1.0
meteorites 50-.’..0/+ Clle approaches 1 1.1 0.77
Apollo group asteroids 0:4=2.8 kmoe 0.9
asteroids: 2-90 kme. 0e58-1.22 053 0.76
A Ave. = Ou93

planets and
satellites £, ,000-64,000 kme 0.17
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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 fall on thé earth as a function of latitude and
hour. A need for the transformation of the coofdinates 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 ofbit. 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 on the surface of the earth is
based on a spherical polar coordinate system having its
polar axis perpendicular to the plane of the equatqr, 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. The 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
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AXIS THROUGH
THE CENTER OF
THE EARTH AND
PERPENDICULAR
TO THE PLANE

OF THE ECLIPTIC ¢

3

EARTH'S AXIS
OF ROTATION

™N——POINT OF IMPACT
OF METEORITE ON
THE EARTH'S SURFACE

- Dee

& b 235°

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. ﬁs is the hour
angle (in degrees) and may be found in the Nautical Almanac
for any day of the year. The angles 6 and # are found from

the latitude and hour of fall by the equations
6 (in degrees) = latitude ¥ 90° (3-13)
with - for latitude North and + for latitude South, and
# (in degrees) = ﬁs + hour of fall (in degrees) (3-14)

The transformation equations are

6' = cos™® (0.917 cos © - 0.399 sin © sin &), (3-15)
g' = tan~1 (0.917 tan ¢ + 0.399 cot 6/cos &), and(3;16)
gl = tan™' (0.917 tan g) . (3-17)

The transformed 1ongitude is then calculated by the equation
transformed longitude = ¢ - g . (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 gntransformed and with
transformed latitude are shown 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 population§. A rough attempt at normalization to the
population in each latitude was made by dividing the number
of falls in each untransformed latitude interval by the
estimated 1940 population in that interval (China was ex-
cluded). The results ére shown in Figure 3-28. The northern
and southern hemispheric distributions are more nearly equal
than in the unnormalized graphs. At first glance it would
appear that, on the average, there are two fluxes--one
directed toward 40° North and the other toward 40° 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 cévered by Jjungle 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 fqr the injection of asteroidal
fragments into orbits intersecting that of the earth was
used to calculate the expected hourly patterns of fall
shown in Figures 3-29 and 3-30. These distributions were
found by adding up the contributions to each hourly interval
from the various fluxes. The fraction of a flux falling in

one-hour time zones follows a cosine law as shown in Table 3-4.
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Figure 3-29. Hourly pattern of fall at the earth's
orbit following isotropic breakup of
asteroid. Initial orbit of asteroid:
circular with r, = 2.8 a.u.
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Figure 3-30. Hourly pattern of fall at the earth's
orbit following isotropic breakup of
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r, = 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 2zone
corresponds to the direction from which the flux
is arriving. The effect of terrestrial gravity

has been ignored.

Time Zone Fraction
lhour[

-6 0.004
-5 0.033
-3 01092
-2 Q11
-1 0.12
0 0.130
+1 0.126
+2 0.113
- 0.092
+R 0.065
+5 0.03
+6 0.00
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Unlike the monthly fall pattern, the hourly pattern averages .
over all orbits which result from collisions in the asteroid
belt and is symmetrical about the 18:00-6:00 axis. The
calculated patterns are independent of vé and the choice of
asteroid orbit prior to breakup until the lower limit of
vé is approached. At this point the 18:00 component pre-
dominates at the expense of the 6:00 component and the
bimodai distribution disaﬁpears.

The hourly pattern of fall actually observed is shown
'in Figure 3-31 as a function of the season, in Figufe 3-32
as a function of the type of meteorite, and in Figure 3-33
as a function of the subclass of chondritic meteorite. All
of 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," 1is
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 Jul&-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 3-33. ‘The hourly pattern of f£all as & function
of the type of chondritic meteorite.



-150-

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:OQ 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 demonstréte 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 bﬁt no preference for one or the other of these
peaks on the basis of type of achondgite, month of fall, 6r
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 high 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 ofder to obtain a value for the magnitude of
the meteoritic flux at‘the earth's orbit. The reasons for
this, beyond wanting to know the rate of influx of meteorites
on the earth, include a aesire 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 what is
meant by "meteorite flux." This 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. When 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

6

-for the meteorite flux are: number/10 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 fo
growing populations as shown by Figure 4-2 (23) where the
rate of recovery is normalized to the world population.
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 which it is brought to the attention of the séientific
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 periods of these orbits
should be of the order of 5 years and many revolutions '
should take place before the body is captured. 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 tovthe 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 of 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
feasons. 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 a1§o 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.
Most of these values have been recalculated to give the
units in "meteorites/lo6 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 frequenc& vs. mass curve for
meteorites and the frequéncy vs. estimated mass curve for

bright meteors. His value shows the number of meteorites
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TARLE 4-1, Estimated Values for the Meteorite

Flux Arriving at the Earth's Surface.

R
o]

(meteorite falls/'lo6 sq.km. -year)

Silberrad (24) 1.45
Ninninger (25) A 1.25
Hawkins (26) 2.4*
Brown (AT .32 to 1.0 (1.1 to 3.4)

*flux entering atmosphere with mass 2 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 4O 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 applied a correction factor of 3.4 to these data

on the basis of falls in limited, high population density
regions in India and Japan (27), thus arriving at the values
shovwn 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 probabillity 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 detailed study of the meteorite
recovery efficiency of a particular region should take into
account:

1. the number of people avallable 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 bétween a berson performing
the recovery and the point of impact of the meteorite (which
is determined by the terrain, the time of day, and thé
season); and

3. the scientific cultural level of the people, i.e.,
will 2 meteorite, if picked up, be recorded and brought to
the attention of the scientific community? Thils, in fact,
is the definition of a "recovered fall."

With these points in mind, a model for meteorite re-
covery was formulated to which population statisties could
be applied. It wés 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,

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 scientific cultural level

of the people. However, due to the difficulty of measuring

the latter quantity, the scientific cultural level was as-

sumed to be high and invariant with time in all areas treated.
The functional relationship between the fraction of 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:

f =erf(2,11 r1.6p0.8) 3

The regions choseﬁ for study (the United States,
Europe, India, and Japan) were those which came closest to
satisfying the following requirements over the period of
time, 1810 to 1950:

1. adequate population figures,
2. large area, and

3. uniform population distribution.

Table 4-2 shows the number of falls recovered per 106 sq. km,
per year for each country over the pefiod 1810 to 1950. The
+ value is the standard deviation and assumes random arrival
of the meteorites. The values in this table can be used as
rough indices of the relative meteorite collecting efficien-
cies of the various regions. The United States (eastern
half) comes closer to fulfilling the three requirements

listed above than any of the other regions. If the 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/lo6 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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population were much denser, this area could probably supply
the desired meteorite flux value by itself. "However, since
the rural population density is relatively low, 1t glves a
point in the lower region of the f  vs. p curve. Europe has.
a higher meteorite recovery rate in keeping with its higher
population density. The population figures for Europe as a
whole are not as good as those for the United States but
otherwise it fulfills the requirements fairly well, The
division of India into "Northern" and "Southern" was done _
on the basis of meteorite recovery efficiencies and parallels
the differences in population densities. Discussions of the
population of India have filled many books and although the
figures are not as good as those for Europe and the United
States, they must be considered adequate. The high rural
population density of the Gangetic Plain is reflected in
the high rate of recovery of meteorites for Northern India.
Japan has the finest population figures of any Asian country
and a high rural population density. However, its small
area has produced a low total number of meteorites recovered
as shown by the rather large standard deviation for the
rate of recovery.

Table 4-3 shows the total number of falls by region
and then breaks these figures down according to the time
of fall. The unclassified falls were distributed among
the various categories by multiplying the total number of
falls by the fraction of classified falls in a particular

category. '"Daytime" and "nighttime" refer to the periods
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TABLE 4-3 -

Period of Fall.

(for meteorites between 1810 and 1950)

Niﬁiii Daytime Nighttime Summer Winter
of Falls No. Total No. Totael No. Total No. Total
89 55 65 A9 23 51 52 36 37
156 99 119 - 31 37 101 102 53 54
55 33 45 10 13 33 35 22 23
32 20 26 5 6 12 12- 19 20
23 9 19 2 4L 15 15 g 8
ds ns dw nJ
No. Total No. Total No. Total No. Total
o 44 8 10 18 2 1l 13
64 i A 2 35 42 14 17
18 24, & 9 15 20 3 4
10 13 & 1 10 13 A 5
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 60o'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 pleces recovered depends upon where the inhabitants
are situated in the ellipse. This evidence stems from the
fact that when 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. With this in mind, the average number of pleces
recovered per fall was determined for each country and the
results shown in Table 4-4., Falls from which more than 10
pieces were 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 1n 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 lncrease with
population density (e.g., N. India or Europe vs. the United
States) and with improved weather (e.g., ds vs. dw for the
United States).

A surprising result of the compilatiéh in Table 4-4
is the fact that the average number of pleces 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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Region

United States
Europe

Ne India

S. India
Japan

. All Regions

irons

stones

United States
Europe

Ne. India

S. India
Japan

All Regions

£11 Falls
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Davtime

Nighttime

Summer

Average Number of Pieces Recovered Per Meteorite Fall.

Winter

1.5 (77)
(131)
(52)
(28)
(15)
(303)

1.9
2.0
1.8
1.3
1.8
1.3

1.8 (270)

Le'f

(18)

(49)
1.9 (86)
2.4 (31)
(16)
(7)

(189)

1.7
YA

1.9

ds
(32)
(54)
(128)
(9)
(5)
(118)

1.9
1.9
2.6
1.8
1.2

2.0

14 (14)
2.2 (25)
(8)
(5)
(2)

(54)

1.5
2.8
1.5
1.9

1.3 (&)
(15)

(5)

2.1

1.0

1.9 (28)

1.8 (44)
(e3)
(29)
(11)

(11)

1.9
2.0
2.1
1.2

1.8 (178)

dw
1.2 (17)
1.8 (32)
2.2 (13)
1.6 (7)
(2)
1.7 (71)

2.0

1.3
2.0
2.2
1.7

1.5

(31)
(46)
(20)
(16)

(4)

1.75(117)

1.4
2.2
2.3

2.0

1.9

The numbers in parenthesis give the number of falls considered.
No showers are included.

ds

dw
nw

= day-summer
ns = night-sunmer
= day-winter
= night-winter

()
(10)
(3)
(4)

(26)
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phenomena attending i1ts 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
after fall. Very often a hole is found in a freshly plowed
field or damage to a building i§ 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 pleces are not recovered during
the time that the nighttime populatioﬁ 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 plece itself 1is 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 théy had fallen at
night, no pieces would have been recovered (e.g., heavily
wooded regions). The data in Table 4-U4 was combined with
that in 4-3 to give Table 4-5 which shows the flux of

pieces for the various regions.



~ 167 =

TABIE 4-5. Flux of Meteoritic Pieces (1810 to 1950).
(pisces/lO6 Sqe kme-=year)
Total
~ for
Region All Falls Daytime Nighttime Summer Winter
(12 hours) (12 hours) (6 mo.) (6 mo.)
United States «27 + <03 +22 + 403 407 # .01 .18 + .01 .12 + .02
 Europe 5T + W04 W42 * W04 415 % J02 W38 % W04 .20 * 02
N. India «98 + W12 91 + W17 W17 £ W06 W60 * W10 W42 + W09
e India 029 : .OS e 22 i -05 «08 1 003 -13 : .0!{- 017 : 003
Japan -86 _‘t 018 n77 : -25 -13 _'t 012 052 .‘_‘: -13 035 1 «12
ds ns dw oy
(12 hours, 6 moe) (12 hours, 6 mo.)
United St&tes 015 i «02 004— : -01 006 1 001 ' OOA : 001
EUI'OIBG 023 1 .OA «10 : «02 18 I «02 <07 : .02
Ne India A s 0 .08 : «03 <40 _‘: «09 <07 i .05
Se Indi&. .11 1 .04 olo 1 .03 006 1 002
Japan <40 + W14 «38 1 $22
ds = day-summer
ns = night-summer
dw = day-winter
nw = night-winter
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The derivation of the population figures to be applied
to the model is explained in Appendix B. It should be em-
phasized that high accuracy in complling these figures was
not required because they were averaged over a long period
of time (1810 to 1950) and because of the relatively poor
statistics for the meteorites themselves. Table 4-6 shows
the results of the population survey in terms of rural
population point densities for summer and winter daytime

and P and gives the estimated fractions of area

(pds dw)
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 rural areas. This correction 1s 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 represents a least squares fit to the daté. Southern
India was not included when making this fit because of its
anamolously low values. The fact that the European point
is below the curve (farther than its standard deviation
warrants) leads to an attempt to modify the flux from one

which is isotropic relative to a stationary earth to one
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TABIE 4-6. Population and the Flux of Meteorite Pieces.

R R
Pds Pas
FCT 5 (corrected (corrected
" or ds R * for FCT for latitude
Region FCTV (people/sq.kms) “ds or FCTV) effect)
United States 401 Tty «15 + 402 .15 % 402 .18 # .02
E'lerpG «07 21 023 : OOA -21 I 004 -29 1 006
Ne. India «03 39 ‘ o477 I 13 046 * 13 VA o 13
Se India «02 14 o1l : -04 o1l i «04 o1l : 004
Japan 005 40 -40 i olA 138 _‘t 013 ol;é _‘t 016
R R
Pauw p.:iw
0 (corrected (corrected
dw R for FCT for latitude
(people/sq.km. ) _dw or FCTV) effect)
United States 308 006 : .01 006 _‘t «01 <07 _‘t <01
Europe 17 . o18 f_ 102 017 : 002 024 i .03
Ne India 49 40 + .09 «39 * .09 «39 * .09
Se Indi& 18 010 : 003 -10 i 003 -10 : 003
Japan 28 -38 : 022 o36 : 021 ‘ -43 : 025
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whose 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 Btill_assumed
to be isotropic with respect to longitude (azimuthai 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 r and Ro derived from the least
squares it to the ds and dw data are shown in ?able L7,
Combining the Ro values with the average number of pieces
recovered per fall ylelds 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
two values for RO is a fortunate result and lends credence
‘to the fundamental approach. However, it should be em-
phasized that this value for Ro is an average for the .
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 i1s certainly not true and a somewhat higher
value for Ro would probably be obtained if some method wefe

found to take this fact into account. A wvaluable 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 statistice must be found. 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 wvalue 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 followiné 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 of meteorite data was conducted in order to
better characterize the meteoritic flux encountered by the
earth and to search for correlations in fall pattern among
the various types of meteorites. One result of this study
has been an improved organization of the existing meteorite
data in the form of a punch card catalog which is avallable
for future surveys. Many sortings of these cards according
- to various categories were made and permanent printouts of
the results obtained. .In addition, the coordinates of fall
for all falls were transformed to a more meaningful coordi-
nate system which eliminates the seasonal variation found
in the system ordiharily 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 amohg 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. Fubture 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 wvarious 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 fthe 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 a2 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 fluctuation 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 obfalined 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 "Point Density" Relationship

In order to apply the meteorite recovery model de-
scribed in the text, it was necessary to determine the
functional relationship between the fraction, fp , of
area covered by target circles drawn about randomly
distributed points as a function of the point density, e ,
land the radius of the target circle, r. The point
density and target circle correspond respectively to the
population point density and thé circle of recovery for
meteofites 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 ?andom 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.

L 1
r/A2 as shown in Figure A-1. (A% was used in order to make
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the ratio dimensionless.) By assigning a value to r (in km.)
it was possible to compute the A (in sg. km.) which corres-
ponded to this r by the equation,
N2
- e
(r/A%)

Knowing that there were 100 points within this A, the p could
be computed thus giving the empirical relat%onship between Ib
and p .

The functional relationship which matched the empirical
relationship was found by trial and error. The first equa-

tion tried was:

and the results aré shown 1in Figure A-2. A good fit résulted
for all but the lower wvalues of 1 - fp . However, there was
no simple relationship between k and r and a different k was
required for each r.

The next equation tried was:

£, = erf(arbpc) .

This relationship provided a satisfactory fit to the empir-
ical data as shown in Figure A-3 where a = 2.11, b = 1.6

and ¢ = 0,8 for every r. Thus,

f = erf(2.11 r1’6po'8)

was assumed to be the desired functional relationship.
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o EXPERIMENTAL
POINTS FROM
RANDOM POINT
GRAPHS

| | |

1 1

|
10 20 30 40 50 60

POINT DENSITY, O, NUMBER / sq. km.

Figure A-2., Exponential function approximation to

the experimental data.
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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, ¢) the urban population, and d) the number of agricul-

tural workers in certain

and 1940. These figures

selected countries between 1820

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
form it was necessary to
definitions which, it is
the understanding of the
finitions are summarized
ing of some of the terms

subsequent discussion.

this information in a concise
adopt a convention of symbols and
hoped, will aid rather than hinder
material. These symbols and de-
in the following list. The mean-

will be made clearer in the

Symbol

A total area under consideration

RA rural area = A(1l - FCT)~A

e total population

CRP census rural population--rural population
reported in census data (involves a
definition of "rural population")

CUP census urban population--urban population

reported in census data

CUPD census urban populatioh 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 agricultural

workers in a village-rural area)

(POp')town

(UPD)town

AW
SF

true urban population

population living in towns
urban population density for towns =

density of population within a city,
town, or village having m inhabitants

true rural population

CRP-(Pop.)town

Il

CUP + (Pop.)town

age-corrected rural 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 reside in wvillages
in a village-rural area

agricultural workers

average size of faﬁily
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FCT fraction of area covered by cities
and towns

BV fraction of area covered by villages

FCTV - fraction of area covered by cities,

towns and villages

rural population pdint--an individual
person or farm surrounded by a circle
of recovery

o rural population point density = (number
or rural population points)/RA; subscripts:

daytime

nighttime

summer EApril through September) .
winter (October through March)

s

nuwuwn

r radius.of circle of recovery

f 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 subject to
substantial errors." Only the United States, Canada,
Japan, north, west, central and southern Europe and
Oceania were considered to provide "good" population
figures. (11)

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 éarly 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 detalled analysis of the distribution of the rural -
population. For this purpose, two 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 thése definitions of rural
population differ from the census definitions requires that

corrections be applied to the census data.

Farm-rural. The following assumptions were made:

1. the CUPD is an index of the rural* 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) vs. the CUPD, from which the

town
Pop. can be calculated, an
oty b lculated d

(b) FCT vs. CUPD (knowing D, as a function of m).



- 187 -

Using the first graph to find (Pop.)town ellows the calcula-
tion of the true rural and urban populations from the census

values according to the equations,

TRP

I

CRP - (Pop.)town

TUP = CRP + (Pop.)town .

An age correction is then applied in order fto subtract chil-
dren too young to contribute to the meteorite collecting

population,

ACRP = TRP - (children 4 years of age or younger) .

Tnese figures are then used to calculate the p's by using
the following equations:

P

- ACRP/RA  (population points = rural inhabitants
who are assumed to be scattered at
random during a summer day), and

pdw = apds (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 1s assumed to be composed of two
parts:

(a) the size-frequency relationship for cities and

towns (same as for farm-rural), and
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. (b) the villages, which are assumed to have an average

population density, D

village®
Thus, FCTV = FCT + FV
where FV = TRP/Dvillage A

the p's are found by:

P

Il

ds AW/RA (population points = agricultural
workers who are assumed to be
scattered at random during a
summer day), and

Paw = bpds (arbitrary fraction, b, of agricul-

tural workers scattered at random

during a winter day.)

United States. Due to the fact that the United States was

expanding westward into almost uninhabited territory 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 of the tier of states from
North Dakota to Texas were included in this survey. 1In
addition, a state was excluded until its population density
had reached 1 person/sq. km. In supporﬁ of this latter re-
quirement, it should be noted that no meteorite falls were
recorded in a state whose population density was less than
1 person/sq. km., while 4 falls occurred in states having
population densities of 1 to 2 persons/sq. km,
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The fesults of the population survey are shown in
+» Table B-1l. 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 summing 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:

. (2) taken directly from the Encyclopedia
Britannica (11),
(b) estimated by interpolation between known
values, or
(¢) calculated from the total population and
reasonable "per cent rural" values,
and these figures summed to give the CRP shown in the table.
4L, 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 D,. D, was
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 averages of log Dm
Tor intervals of log m fall approximately on a straight
line. A detailed study of the size vs. frequency relation-
ship for cities and towns in 10 states of the United States

was made for the census year, 1940. Combining these data



L*92 = *8AY 8°LZ = *oAY T0* = oAy 65°€ = *eoAy

77 6°L7 Bt £ 9°¢ co* 9°LT £°99 GBLOLIT 787 076t
n_v 6°8¢ Loy 797 Lz ot rot 7+05 L08*96 78y 026t
o €°9¢ 1Y £ev 0°¢ to* 69 9*8e €06°TL 737 006T
R 74 4 £eve 71 10* £°e 0*7T €52 8y 6317 0gst
9°¢c L*0e 0*ce e ¥ To* 6°¢ 8L 89L° 62 ETLe 0981
0°0T 0*ct 0°€T 0°T 1o* LT 8¢ LE8*9T ggee 0731
[ 5 £°9 °4 8°0 10* i 0°¢ BET*6 wert 0Z8T
bwmwww.wﬂﬁv Amxww.wlﬁmmw hmmwwwﬂw@ (suotTTTTU) - Mhigﬁ.wm\.o:u (suoTTTTM)  (SUOTTTTH) (*w+bs wod —

e T G an di ]

*$97915 poytup oYy JoJ Lssang uogyarndod *T-g FIAVL



Ol

Ol

S

w ‘NMOL dO0 ALID 4O
Ol

vo_

‘SUMOg pUB SOT3TO §99B3S POITUN JOF d  T-d 2INI T

NOILVY1NdOd

Ol

« 301 =

9
|

NMOL ¥O ALID

SJ9OVYHIAV o
S3LVLS GJ3ALINN »

S
‘wy bs 7 gNosH3d ¢ Ya

Ol

g



"SUMO} puB SITFTO PTIOM JOF EQ *2-d 2Jan3Tyg

w ‘NMOL 40 ALlID 40 NOILYINdOd
0! 0! Ol Kol Ol

Ol

1 I I I I

- 108 =

SIOVYHIAV e
o 43H1O0 =
ONIMV3IdS HSITONI dO Nv3Id0odN3d -

°n

201

M
o
‘wy 'bs / sNosyad* Ya




_193_

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.), . 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-
. ¢luded 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—3lare listeﬁ below.

1. Europe was arbitrarily assumed.to be 10% farm-rural
and 90% village-rural. Thus, FRP = (.10)(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 = estimated) 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,
GCermany, Italy, the Netherlands, Spain, Switzerland, and
the United Kingdom which are referred to as "reference

countries" since data'for them is more readily available.
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TABLE B-2, Fraction of People
in O to 4 Year Age Group (34).

Fraction of People

Year in 0 to 4 Year Age Group
1820 .19
1840 ' 17
1860 +15
1880 .14
1900 0 )
1920 | 11

1940 .08
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Figure B-4. European total population.
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TABLE B-4. European Total Population.

Population

Refeggnce Calculated
Tear (mil?ions) %%%%%%%%%T ZLE!LEE (mil?ions)
1800 130 e 104 80
1850 190 e 149 78
1880 175 T4 e 24o
1900 201 71 e 280
1920 320 221 69
1930 351 237 67.5
1940 379 260 68.5

1950 380 260 68.4
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The per cent of the European TP found in these reference
countries is shown in column 4 which allows 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 ﬁhese 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 ffom 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 eaéh of
the 1930 per cent rural population groups thus ensuring
adequate representation of all degrees of rurality. Each
group was then weighted on the basis of the 1930 TP for
that group. The 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.)town vs. CUPD relation-
ships established for the United States were applied with-
out modification to obtain the European FCT and (Pop.)town.

5. The ACFRP was obtained from the FRP by using
Table B-6.
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TABLE B-5. Agrienltural Workers and Rural Population in Europe.

Great
ezr Britain Germany France Italy Polarnd Bulgarla Yuposlavia Europe

—

=<

number of agricultural workers (percentage of total population):

1800 10 e 30 e 35 e L5 e 50 e 50 e 50 e 38 e
1820 3% @
1840 34 e
1860 6 e 20 e 26 e 0e 45 e 50 e L5 e 31 e
1870 5e 25 e '

1880 29 @
1900 5 e 16 e 23 e 30 e L0 e L5 e 40 e 27 e
1910 5 15 22 26

1920 5 17 23 27 34 e 42 33 21
1930 18 3l e 46

1940 2 e 15 e 18 20 30 e L0 e 30 e 21 e
1950 2 16 16 '

census rurzl population (percentage of total population):

1800 60 e 80 e 80 e 85 e 90 e 95 e 99 e 282 e
1820 79 e
1840 76 e
1850 75

1260 35 e 70 e 72 e 75 e 85e 90 e 97 e 73 e
1870 &4,

1880 59 65 e
1890 53

1900 25 e L6 50 0e T5e 80 e 95 e 57 e
1910 40

1920 23 e 38 e 50 e 58e.,. Te - 78 e 90 54, e
1930 72 88

1940 21 30 47 55 65 e 75 86 e 49
1950 15 e 31 50 64 75 e 84

1930 percent rural population group:
20-30 30-40  40-50  50-60 60-70° 70-80 80-90
other countries in population group:

Austria Nethe Czechs Greece Romania Albanis

Belgium Hungary Spain

Denmark Ireland Turkey
Portugal
Switzerland

weighting factor (based on 1930 total population):

50 83 50 56 60 49 15 363
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TABLE B-6. Fraction of People
in O to 4 Year Age Group (41).

Southern and

Year England Germany Eastern Europe Europe

1840 oL

1910 | .09

1930 .08 .06

1940 .04 .10 .09
1820-1860 ' .16 e
1880-1900 .13 e

1920-1940 +10 e
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6. The FCTV was calculated by arbitrarily assuming

Dvillage

7. The Total ACRP was calculated by using the equation,

= 1000 people/sq. km.

Total ACRP = ACFRP + (.90)AW .

Northern India. In order to obtain an idea of the rélative

meteorite collecting capablilities of the wvarious Indlian
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 Pakﬁstan. 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-9
the data for which was drawn from several sources (11,42,43),
"01d" India and "Modern" India refer to pre-partition and
post-partition boundaries respectively. The twentieth
century ratios of Modern/0ld and Northern/Modern were
computed from known figures and the qarlier 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).

R
State (fans/zo6 sq.km.-year)
Uttar Pradesh - ' 0.81 + 0.14
West Bengal 0.49 + 0.19
Punjab _ 0.41 + 0.15
East Pakistaﬁ 0.40 + 0.14
Madras 0.28 + 0.12
Himachal Pradesh 0.25 4 0,25
Mysore 0.18 + 0.08
Kerala 0.19 + 0.19
Bihar 0.16 + 0.08
Rajasthan 6.15 + 0.05
Madhya Pradesh 0.15 + 0.05
Andhra Pradesh 0.13 + 0.06
Bombay 0.10 + 0.04
Orissa 0.09 + 0.06

Assam 0.00
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TABIE B-82. Population Survey for Northern India.

Area = 0.84,6'106 sqe kme

CUP CUP
Year TP (> 5000) (> 2500) CUED FCT FCTV
(millions) (millions) (millions) (no./sqe km.)
1821 66 3 4 5 01 .02
1841 66 5 6 7 01 .02
1861 96 9 S | 13 .02 .03
. 1881 126 12 1 17 .02 .03
1901 133 13 16 ‘ 19 .02 .03
1921 134 16 19 22 03 04
Ave. = -03
CRP CRP
Yoap (POPelyon (< 5000) (< 2500) TRP AW
(millions) (millions) (millions) (millions) (millions)
1821 ;) 63 62 61 30 e
1841 1 61 60 59 30 e
1861 . 2 87 . 85 83 41 e
1881 2 13% 112 110 50 e
1901 2 120 117 115 50 e
1921 2 118 115 | 113 L,
1941 3 149 144 3£1 ' ; L3 e

Aveo = 97 Ave. = 41
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TABLE B-9. Total Population of Northern India.
Modern Ratio of Ratio of
01d India India Modern Northern Northern
Year TP TP 0ld TP Modern
(millions) (millions) (millions)
1821 130 110 e .85 e 66 e .60 e
-~ 2842 130 110 e .85 e 66 e .60 e
1861 190 160 e .85 e 96 e .60 e
1881 257 218 e .85 e 126 e .58 e
1901 285 235 .83 133 w27
1021 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-10. 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')25OO-SOOO/
(Pop.)5ooo_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-rurel distribution.

L, The FCTV was calculated by letting Dvillage =
].OLL people/sq. km. This value was taken from a survey of
Indian village population densities (42) which showed a high
of 26103 persons/sq. km. and a low of 9.103 persons/sq. km.
It was assumed that the low value was more typical thus
arriving at an average of about 10-103 persons/éq. km,

5. The 1921 value of AW was taken /from Table B-11.

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 population survey
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TABLE B-10. Census Rural Population of India.

Percent Rural Northern Southern
Year for all India CRP CRP
(millions) (millions)
1821 9% 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 %
1911 36
1921 33

1931 28
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TABIE B-12. Population Survey for Southern India.

Area = 1.420'106 SQe kme

CuP cuUP

Yerr TP > 5000 (> 2500) CUFPD FCT FCTV

fmillionsi fmillionss (millions) (ho./éq. kme )
1821 33 2 2 1 .01 +01
1841 34 2 2 1 .01 .01
1861 53 5 6 A .01 «01
1881 76 7 8 6 .01 +01
1901 85.0 8 10 T «02 .03
1921 93.7 r s 13 9 <02 .03
1941 118.7 17 20 14 «02 .03

Ave. = .02

(Pop.) CRP CRP
Year “*town (< 5000) (< 2500) TRP AW

(rillions) (millions) (millions) (millions) (millions)
1821 i 31 .31 -+ 30 15 e
1841 i 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 3le

Ave. = 60 Ave. = 25
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for Southern India was constructed by the same methods as
Table B-8. The values for TP were taken from Table B-13

which is an extension of Table B-9.

Japan. The results of the populétion survey for Japan are
shown 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 CRP are taken from Table B-15
“which in turn is composed of data from several sources (37,
L4 ,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 Japan cannot be ftranslated 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

village
assumed to be slightly smaller than that for India and was

used in calculating FCTV was arbitrarily

assigned a value of 8.103 persons/sq. km.
L, The AW was estimated by using Table B-16.
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TABLE B-13., Total Population of Southern India.

Modern Southern Ratio of

India India Southern
Year i TP Modern

(millions) (millions) ‘

1821 110 e 33 e .30 e
1841 110 e 34 e .3l e
1861 160 e 3 & .33 e
1881 218 e 76 e .35 e
1901 235 85.0 .36
1921 248 93.7 .38

1941 314 118.7 .38



TABLE B-1l4.

Yaar TP
(millions)
1820 20
1840 25
1860 30
. 1880 36
1900 LA
1920 53
1940 69
Year (POP')town
(millions)
1820 0.3
1840 (0]
1860 0.5
1880 0.7
1900 0.8
1920 1.0
1940 1.4
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Area = 0;249-106

CUP

Imillionsj

O~

(o

CRP
(millions)

39
23
27

Population Survey for Japan.

S0 kme
CUFD FCT FCTV
(noe/sqe km.)
L «01 «02
. 8 .02 .03
12 «02 <03
20 «02 «04
23 03 «05
L0 04 .06
68 .06 «09
Aveo = 005
TRP AW
(millions) (millions)
19 10 e
23 9 e
27 9 e
30 10 e
36 11 e
L2 12 e
51 13
Ave. = 33 Ave. = 10
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TABLE B-15. Total Population and Census Rural Population of Japan.

TP Percent CRP
1820 20 e 95 e 19 e
1840 25 e 93 e 2B e
1846 26.9
1860 30 e 90 e 27 e
1872 33.1
1880 37.0 36 87 e 3le
1893 IS RYA
1900 4647 L4 8, e 37 e
1920 5640 53 45.9 82 43 e
1940 72.5 69 75 e 52 e

1947 7846 522 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 Densifties. 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 wvarious regions by listing the
average temperature and precipitation for reference cilties
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. Theilr
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 bersons 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.

Year
1890
1900
1910
1920
1930
1940
1950
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Population Per Household (34).

All Types
5.0
4.8
4.5
4.3
4.1
3.8
3.5

Farm

5.3 e
5.1 e

b7
4.6

4.3
4.o
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Europe - The average number of people per farm house-
hold was arbitrarily assumed to be the same
as the Unlted States figure. It should be
noted that this leads to a density of farms
about one-half that ﬁf the United States
which 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

_5ooo 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 inlerthern
India was used here.

Japan - The density of villages was estimated to
be about 0.5 villages/sq. km. on the basis

of a conversation with an inhabitant of
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that country. This would give the average
Japanese village abbuf 250 inhabitants
which is é reasonable figure.
The FCT or FCTV were 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 p's‘according to the equations given near
the beéinning of this Appendix. It is evident that the
-'densities of farms and of cities, towns, and villages are
negligible compared to the daytime rural population densities.
A rough check on the values for Pag and R 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).
With the calculation of these values for the p's, the

population survey was completed.
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PROPOSITION 1

fn radiochemical procedures, where a carrier is employed
and the yleld of the radiocactive component 1s found from the
carrier yield (e.g., many neutron activation analytical pro-
cedures), electroplating offers a convenient method for
separating elements and, at the same time, presents them in
a form suitable for radliocactive counting. Where several
elements are to be determined simultaneously, controlled-
potential electrolysis must be used. However, 1if more than
several elements are to be separated by this method, the
usual procedure of removing the cathode between platings is
cumbersome 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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Figure 1. The continuous plating apparatus or "potentiograph."
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potential plays a major rolg in 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 seqtion would then be found by
some method, the carrier ylelds calculated, and thus the
amount of each element in the original sample determined.

Two opposing TfTactors help to determine the rate at
which the foil strip and cathode potential are advanced.
The fact that the activity to be measuréd may be decaying
wlth 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 potentiai
very slowly. A compromise rate must be found.

A triazl experiment was performed using a 30-ml., O.5F
HC1l solution containing 10 mg. each of mercury, nickel,
cadmium, chromium, zinc, tin, germanium, copper, iron,
molybdenum, cobalt, palladium, 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 waé advanced from -0.80 v. to -1.05 v.
vs. S.C.E. The gold foil strip was then cut into 1l-inch
sections and examined by an x-ray flourescence apparatus,
Earlier platings of 0.3 mg./sq. cm. copper over gold had
showed no reduction in the counting rate for the gold-LPf
peak and thus this peak was used as a standard to which the
Intensities of all other peaks were referred. This method
of analysis ylelded a very rough indication of wﬁere 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, 1t is proposed that the potentiograph be further
investigated as an épparatus for obtaining separations of
radiocactive metals and that different supporting electrolytes
be tried.

Convenient methods for determining the yield of carrier
element on the strip (octher than x-ray fluorescence which is
not adequate for all elements) present themselves. After

counting, the sections could be reirradiated with thermal



-
O
w
- e
=
c DO
L
a
>—
o
o<
g @
E e
a
=
g
L
S or
(0
fs
E
=)
)
s
=3

Figure 2.

- 228 -

1'2'34567 8910101213145 1617
FOIL SECTION

NUMBER

R 4

Mo
Sn
Pd
Ni

Cu
Pt

Ge
Sb
Fe

Co
Re
Cd

Positions on the gold foill strip
at which the metals plated out.



-~ PRY -

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 with time is not the
only way to achleve 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 1s 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 1s 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

Aé will be discussed in Proposition 3, a proposed
method for finding the amount of manganese-53 in a sample
involves neutron activation to manganese-54, waever, the
activation cross section for-manganese—53 is unknown and
must therefore be estimated. No methods could be found in
the literature to perform this estimation. The relationship
between cross section and level denslity in the resonance
region is fairly well understood and smooth variations with
mass number are known to exist. However, in the 1/v reglon,
the cross sections are strongly influenced by the proximity
of the lowest 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
whiech could be calculated from nuclide masses. The latter
qualification was applied because the mass 1s one of the
first quantities determined for a new nuclide and therefore
is ordinarily available for use. The approach adopted was
to assume that the absorption of a neutron by a nucleus
leads to a change in the stability of’ that nucleus where
stability, S, is related to the nuclide's position on its

mass vs. Z. parabola by the equation

S(Z:A) = (M(ZA:A) iﬁ) -'M(Z:A) . . (1)
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The change in stability, &4 S, which the nuclide undergoes

in absorbing a neutron is given by the equation
AS = S(Z,A+1) - S(2Z,A) (2)

and is the parameter which I tried to relate to the cross
section. 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. S for each nuclide, and
3. A4S for each nuclide (wherever S for the activa-
tion product was known).
The values for A4S were then plotted against the log of the
cross section, o , 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. o for these nuclides 1is
shown plotted against A S 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—3d3/2-251/2, th/Q, and uf5/?’ Thus the cor-
relation between o and A S cannot be made only on the basis

of even N-odd Z but must also include the neutron shell being
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filled. The straight lines in Figure 3 represent least
square fits to those nuclides belonging to each of the three
groups. The average value for the factors separating these
points from their respective lines is 2.8 and the largest
such factor is 7. These values provide some indication of
the degree of correlation.

The wvalue of plot such as that in Figure 3, lies in
its ability to predict as yet unmeasured cross sectlons for
other nuclides. Two nuclides to which this method might be
appllied are phosphorus-33 and the previously mentioned
manganese-53. Phosphorus-33 is thought to be of importance
as a radioactive tracer in biochemical experiments because
its 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 literature (2,3).
The predictions for the thermal neutron activation cross
sections found in Figure 3 for these two nuclides are 0.03
barns for phosphorus-33 (A S = -0.0018) and the rather large
value of 200 barns for manganese-53 (AS = 0.,0008).

In view of the facts described zbove, it is proposed
that the correlation found between ¢ and A S for even N-odd
Z nuclides with N <33 be further verified by a determination
of the thermal neutron activation cross sections for manga-

nese-53 and phosphorus-33.
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PROPOSITION 3

After the prediction of the presence of cosmic-ray
produced mangzanese-53 in iron meteorites by Sheline and
Hooper (4), Honda, Shedlovsky, and Arnold (5) éeparated
this nuclide from the Grant, Williamstown, Odessa, and
Canyon Diablo meteorites and measured its activity finding
respectively 299, 285, 197, and 92 d.p.m./kg. of meteorite.
However, the actual amount of manganese-53 could not be
calculated because no accurate determination of its half-
life has been made. Wilkenson and Sheline (6) tried to
establish an approximate value of 140 years for the half-
life on the basis of an estimated cross section for the
nuclear reaction, Cr53(p,n)Mn53. ‘This value corresponded
to a ground state of f5/2 for the manganese-53 nucleus bﬁt
Dobrowolski, et 2l. (7) found a ground state of f7/2 which
would mean a much longer half-life. Hulzenga and Wing (8)
suggested a lower limit of 1.3 x 105 years on the basis of
proportional and scintillation spectrometer measurements.
Sheline and Hooper (4), using calculated log ft values, set
the range for the half-l1life at 1 x 106 to 2 x 107 years,

A precise measurement of the half-life of manganese-53
must be based upon a determination of the amount of this

nuclide present according to the equation

€10 = 0.693 n/A , : (3)

where n is the number of 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
1é_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-l1ife of 1 x 106 years 1s 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 amount of manganese-53 has been pro-
posed by Brown and Arnold (9). Iﬁ 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 lonized 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
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isotopic composition of the chromium remaining with the
manganese should approach closer to that of the enfiched
chfomium-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 of the isotopic composition of the enriched
chromium-52 would provide data for the subtraction of any

residual chromium-53 peak.

Neutron activation measurement.--In Proposition 2

the thermal neutron activation cross section for manganese-
53 was estimated to be about 200 barns. Using a more
conservative value of 10 barns, thé activity 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 tﬁe reaction Mh55(n,7)Mn56 is
also shown. Fortunately, the half-life of manganese-54

is much longer than that for manganese-56 and the latter
will eventually decay to negligible levels. While the
manganese-56 still has activity comparable to that of
manganese-54, it can be used as a calibrating standard

and thus the concentration of manganese-53 will be directly
referred to that of manganese-55. A gamma-spectrometer may
be used to single out the peak at about 0.84 Mev (common

to both nuclides) in order to sharpen the comparison. The

thermal neutron flux which is to be used must be well

moderated to avoid the interferring reaction, Mn55(n,2n)Mn5u
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Activity

5 x 10LF d.p.m. /kg.
of original meteorite

20 x th d.p.m./20 mg.Mn

TABLE 1. Activities Resulting from Thermal Neutron Activation.
Flux = 1 x lOlh neutrons/sq.cm.~-sec.
Irradiation time = 5 days
Decay time = 3 days
Activation Half-Life of Decay Mode of
Reection Daughter Daughter
022 (n, 7 )M 300 days E.C %100%)
0.835y (100%)
Mn55(n,7)Mn56 2.58 hours B~ (100%)
0.8457 (100%)
1.81 y ( 30%)
2.13 7 ( 20%)
Fesh(n,y)FeSB 2.94 years E.C. (100%)
Crso(n,7)0r51 27.8 days 0.323y ( 10%)

E.C. (100%)
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The last 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 following procedure be employed

to attempt to obtain two values for the half-life of

manganese-53,

l.

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 Arncld
(5). Final purification will be attempted by the
cyclic electrodeposition or precipitation of
manganese dioxide,

The concentration of chromium-53 will 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.

The soft x-ray activity from manganese-53 will

be counted.

The manganese carrier (containing the manganese-
52) will be exposed to a moderated thermal neutron

1 neutrons/sq. cm.-sec. and the manga-

flux of 1O
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



gamma-radiation using the remaining manganese-56
radiation as & calibrating standard. The con-
centration of manganese-53 in the carrier will be
calculated from these counting data.

The manganese will then be loaded onto a mass
spectrometer filasment 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.

The data for the amount of manganese-53 will be
combined 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:
l. 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 materlials, such as
meteorites, are available only in limited qdantities.
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 fhe analyst
is the estimation of the degree to which the matrix must be
simplified (through physical and chemical separations) before
the gamma-spectrometric interferences from the matrix are
reduced to negligible levels. The adjustment of the para-
meters: neutron flux, weight of sample, irradiation time,
and decay time following irradiation provides added power
for the analyst but multiplies the problems of engineering
the analysis, particularly i1f many elements are tb be

analyzed in a complex matrix. In addition, the reduction
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of the gamma-spectra to meaningful analytical values provides
further data handling problems. Computers have been applied
to the latter problem znd 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 alsoc of interest in
the present problem.
I believe that any solution to these problems should be:
1. comprehensive--every conceivable source of radio-
activity should be considered, and
2. versatile--the ability 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 calculations are
displayed in Figures 4 and 5. The symbols and abbreviations
used in these diagrams are defined below.
FLUX neutron flux
DSS(n) time-independent coefficients in the
Batemann equations for nuclear and

radiocactive transformations
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weight of the chain parent element
(1 gram is used)
isotopie abundance of the chain parent
atomic weight of the chain parent
neutron activation cross section for a
chalin 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 for a chain

member

decay constant for the chain daughter
counts in channel x of a spectrum
ratio of counts in channel x to the
counts contained under the maximum
energy peak

live-counting time

fraction of total disintegrations con-
tained under the maximum energy peak
counts in channel x resulting from the

summation of two or more spectra
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SCMAXO . factor which converts the activity under
the maximum energy peak to the weight of
n,y -chzain parent element

n,7”(CMAX) activity under the maximum energy peak

due to the n,y -chain.

Program 1 takes the elmentary nuclear data and a value for
the neutron flux, synthesizes all possible nuclear trans-
formation chains (these chains start with a stable nuclide,
end with an unstable nuclide, contain 5 or fewer members,
and must yield at least 1 d.p.m. after a 3-year irradiation)
and computes the time—indepéndent coefficients for the
Batemann equations for these chains (see Friedlander and
Kennedy (13)). Program 2 orders these chains according to
the chaln daughters for convenlence in later calculations.
Program 3 computes the disintegration rate for each chain
daughter for a sample of a particular composition under
specified irradiation conditions. Finally, program U4 takes
the output from program 3 and library spectra (obtained from

the Scintillation Spectrometry Gamma-Ray Spectrum Catalogue

(14) or experimental spectra for pure elements) and computes
the gamma-spectra to be expected,. Provision is made in
program 4 for entering the composition of separates result-
'ing from anticipated physical or chemical separations and
for calculating the spectra of these separates.

Program 5 i1s designed to take synthetic or experimental

spectra and analyze these by finding the activity under the



maximum energy peak in each spectrum, A stripping procedure
is then followed (using the library spectrum corresponding
to the 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 the maximum 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. ﬁowever, if all conceivable
sources of the chain daughter nuclide are to be treated, then
the contributions from chalins other than the simple n, y-chain
must be considered. This is done by recycling all calculated
analytical data for the samples and computing the contribu-
tions from the other chains using the DSS blocks (the com-
putations in this step are essentially the same as those 1n
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, 7~chain. PFurther recyeling should provide the correct
sample composition 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

ﬁeutron activation may offer az method for analyzing
for a number of elements in a chondritic meteorite without
chemically destroying the material. The statemént of’ the
problem of neutron activation analysis in complex matrices
given in Proposition 4 may be restated for the present
situation in the following way: to what degree 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 whose 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
composition 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 followlng 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 procedu?e with varying degrees
of cross contamination among them. However, with careful
work this contamination could be reduced to nearly negligible

levels. The separation of these phases would be conducted as
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part of a more general survey including mineralogical
examination and chemical analysis for the major constituents.
After these investigations have been completed, then neutron
analysis would be attempted to find the concentrations of
the minor constituents in these phases.

Table 2 shows estimated fractions of The elements to
be expected in each of these separates. The 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 of an "average"

chondrite in a flux of 1 x 1011

neutrons/sq.cm.-sec. for
elght combinations of irradiation and decay times are shown
in Table 3. These activities were calculated by programs 1
through 3 as described in Proposition 4. The detailed
examination of the analytical possibilities 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 = O are not of value
unless special facilities exist for counting the
samples immediately after removal from the flux.

2. The phosphorus and silicon activities consist
entirely of beta-radiation and thus their only

effect on the analysis will be the contribution

of a bremsstrahlung background to the gamma-spectra.



TABIE 2. Fractional Amount of Element Expected in Each Separate.

The bracketed values are estimated from (16).

i;;iit Weight of Element in Separate
(g./g. of Olivine
Element meteorite) Metalliec Troilite Plagioclase Phosphate -Pyroxene

0 0.372 0.06 S 0.01 0.82
Fe 0.224 0.35 0.20 0.45
si 0.184 0.05 0.15 0.80
Mg 0.148 0.0k 0.96
S 0.024 0.0k 0.96
N1 0.013 0.99 0.01
Ca 0.013 0.05 0.23 0.72
Al 0.012 0.06 0.75 0.19
Na 0.0069 (0.04) (0.9%)
Cr 0.0037 0.06 0.94%
K 0.0009 (0.0L4) (0.94)
T4 0.0006 0.06 0.94
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)
0.3 0.00047 . {1.00)
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. (0.0k) (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 1.4 p.p.m. (0.13) (0.87)
Sm - p.p.m. (0.02) (0.98)
Ho 0.60 p.p.m. (1.00)
Iu 0.54 ©p.p.m. (1.00)
Ir 0.38 p.p.m.(0.91) (0.09) (1.00)
Eu 0.27 p.p.m. (1.00)
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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 (106d.p.m.)
Chain Daughter

Parent Half Decay FI = 1 B
Element Life Mode DT=0 3.5 he 22 h. T .
Dy 1.2m 4 6.6
Ag 2.3m By 1.0
Al 2.%m B,y 400
Cr 3.5m B LT
v 3.7Tm By7 16
Cu 5.1m Bs7 5.3
Ca 8.8m B,7 2.2
Mg 9.5m B,7 57
Co 10.5m Y 1060
Br 17.5m B,y L.7
Cl 37.3m B,7 k.3 0.09
ca(l) 57.1m By 0.94 0.07
Dy 2.3h B,y 8.8 3.1 0.012
Si 2.6h B 17 6.7 0.050
Mn 2.6h Bsy k9o 193 1.3
Ni 2.6h B,y 3.6 1.k 0.010
Eu 9.2h By7 0.32 0.25 0.062
K 12.5h B,y 0.33 0.27 0.099
Cu 12.8h pt,B- 1.6 1.3 0.048
Na 15.0h B,y 29 2k 11 0.012
Ir 19.0h B,7 0.02 0.009
W 1.0d B,y 0.078 0.045
As 1.1d B,7 0.12 0.11 0.069 0.003
Ho 1.14 B,r 0.018 0.011
Br 1.5d4 B,” 0.030 0.021 0.001
Sm 1.94 B,y 0.01k 0.010 0.001
Yb,Lu(2) 6.8d B,y 0.005 0.003
Ge 11.3d R.C. 0.005 0.004
P 1k.04d B 0.067 0.064 0.048
Cr 27.7d ¥ 0.12 0.12 0.11 0.099
Fe 45,04 B,7 0.030 0.030 0.027
Ni(3) 71.2d4 B+, 0.008 0.007
S,c1(4) 86.64 B 0.010 0.010 0.009
Fe 2.6y E.C. 0.071 0.071 0.071
Co,Fe(5) 5.2y B, 0.061 0.061 0.061
Total Activity 2140 232 13 0.37

1) ce(n,y)ce®® o 89 chain

(2) Sum of Ybl76(n;7)Yb177-ii——+ Ll and Lul76(n,7)Lul77 chains
(3) Niss(n,p)Co58 chain

(4) Sum of 83*(n,7)s3 and €13%(n,p)s3 chains
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Activity (lO6d.p.m.)

FT = 24 h.
DT=0 225 R 22 h. T d.
6.6
1.0
Loo
1.7
16
5.3
2.2
- 57
1080
6.6
6.4 0.13
2.2 0.17
3l 12 0.047
e 29 0.22
2090 818 5.6
15 5.9 0.040
3.6 2.8 0.69
L. L 3.6 1.3
21 17 6.4
418 356 151 0.18
0.33 0.29 0.15
1.5 128 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 s 0.10 0.056
0.13 0.13 0.12 0.087
1.6 1.6 1.5 1.1
2.8 2.8 2T 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
LT 17 17 1T
0.90 0.90 0.90 0.90
L2g0 1260 180 8.0

(5) Sum of Fe58(n,7)Fe59 —E;—a 0060m S 0060
Fess(n,y)Fesg £ Sl 0059(n,7)0060
C059(n,7)0060m 25 %

and 0059(n,7)0060 chains.
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3. The trolilite phase offers interesting possibilities

i for the analysis of minor constituents since the
major elements, iron and sulfur, do 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 waluable information.

5. The silicate phases are less clearcut since the
distribution of the minor elements among these
phases is not known. However, 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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