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ABSTRACT 

The most important applicati ons of the measure­

ments of radioactivity in rocks re qui r e knowledge of only 

one quantity, the r ate of production of alpha particles. 

The common procedure ha s been to calcula te this 

quantity from the radium and thorium concentrations de­

termined by emanation methods. This procedure involves 

considerable experimental difficulties, and the re sult is 

de pendent on an accurate knowledge of t he decay constants 

of radiu.m and thorium. 

The method herein described measures the total 

alpha activity directly and simply, by counti.ng t he alpha 

particles emitted into an ionization chamber from a layer 

of finely powdered rock whose thickness is small compared 

to the r anges of alpha particles in the rock. Count ing 

of the alpha particles i s a ccomplished by means of an 

FP-54 electrometer tube set at a sensitivity great 

enough to reveal single alpha particles, which are re­

corded as sudden deflections of the recording galvanometer. 

This method was applied to fourteen cosmic ray 

rocks wh ose r adi um content was dete rmined by the direct 

fusion method. Measurement of the tota l alpha activities 

of the se rocks has yielded their thorium content and 

enabled a correla tion with loca l ionization to be made 

based on b oth the uranium and the thorium series. 
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I I NTRODUC TION 

The problem of the determination of the concen­

tra tion of radioactive ma terials in the earth's crust has 

interested many investigator s ever since the discovery 

1 2 3 of Elster and Geitel, Strutt, Joly, and others that the 

radioactive elements are very widely distributed through­

out the rocks, soils and minerals of t he earth's surface. 

This discovery was of considerable importance f or several 

problems. Among other consequences of the d iscovery we re 

the two major ones tha t radioactive energy developed with­

in the earth is of such magnitude as to have played a 

significant role in the eart h 's thermal history and that 

it prova.ded a valuable tool for the me asu1°ement of ages 

of rocks. 'I'he chief importance of t he presence of radioac­

tive material in the e a rth for our present investigation 

and the reas on for its i nitiat i on in this laboratory lies 

in the fact that a very considerable fracti on of the 

ionization produced within an unshie lded cosmic ray 

electroscope at the surface of the g r ound is due t o soft 

gamma like rad i a tion coming from the soil and rocks be­

ne ath the ele ctroscope. Since this radiation has about the 

1. Elster and Geitel, Phys. Zeit. 5: 11, 321, (1904). 
2. R.J. Strutt (Lord Rayleigh), Proc. Roy. Soc. 73: 191, 

(1904); 77: 472 , (1 906); 78: 150, (1906). 
3 . J. Joly,Phil. Mag . 16: l'ITTJ, (1908); 22: 134 , (1912 ). 
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same penetrating power as radioactive gannna radiation 

one might a ssume off-hand that it was produced by the 

4 presence of radioa ctive material. Some date of Cameron, 

however, gave a correlation of part of this soft r adia­

tion with the intensity of the cosmic rays proper and 
- • I 

hence caused him to /strongly suspect/ that part of the 
\ .' 

soft radiation was fluorescence radiation stimulated 

by the cosmic r ays. This suspicion made it of interest 

to attempt the actual measurement of the concentration 

of radioactive elements in the material on which the 

electroscope was placed, in the hope that such measure­

ments would indicate whether or not the soft radiation 

could be wholly caused by radioactivity. 

Investigations were carried out in this labora-

5 M. 6 7 tory by Bohn, Mc illan, and Evans, culminating in the 

development by Evans of a satisfactory method for the de­

termination of radium. 1:i.. thorough description of the 

method and a discussion and criticism of the prior work 

in the field are g iven in the thesis and publications of 

Evans and need not be repeated here. 

4. G. Harvey Cameron, Ph D. Thesis, C. I. T. (1926). 
5. J. Lloyd Bohn, Thesis, C.I.T. (1928 ) ; Jour. Frank. 

Inst. 210: 461, (1930). 
6. E. Mc Millan, Thesis, C.I.T. (1929). 
7. R.D. Evans, Thesis, C.l.T. (1932); Rev. Sci. Inst. 

4: 216, 233, (1933). 
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I I RAD IUM DET:2:RM INA TIONS 

"" Using Evan's ' method the wr iter ha s mea sured 

the r ad ium content of a suite of rocks which were taken 

from the sites of a number of cosmic ray observations at 

vart ous points throughout the world. Using an i mproved 

appara tus, but of fundamentally the same design, at Ber­

ke ley, Evans and his co-workers have also measured the 

radium content of the same suite of rocks, and a number 

of additional cosmic ray rocks f or which a special tech­

nique was necessary. The results of this work on radium 

are to be published in a forthcoming number of the Phy­

sical Re view. 

Table I presents the radium me asurements of the 

writer. Column one of this table designa tes the specimen 

nlLmber; column two g ives the r esults of all individual 

runs, the designated probable errors being calcula ted 

from the deviati ons of t he hourly measurements of ioni­

zation current; column three lists the means of t he indiv­

idual check runs. 

The radium content is e xpressed in units of 

10-12 gms of radium per gm of rock. 

These rocks are described b y their collectors 

as f ollows:-
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Cl Gra vel from top of Pike's Peak from e lectroscope 

site Sept. 9 described as nrubble 11 in record book. 

02 Gravel from edg e of roadway on which electroscope 

stood in t h ird test on Mt. Manitou, Sept. 11,1930. 

03 Glacial rubble on which electroscope sat in test from 

1 h 13 m to 2:54 P. M. on Au g . 30, 1930 at Churchill, 

Manitoba. 

04 Glacial sand from s pot on which e lectroscope sat in 

tests from 11:11 A. M. to 12:55 P. M. on Aug. 30, 

1930, at Churchill, Manitoba. 

05 Gravel on which electroscope sat at VJindy Point by 

railroad track; probably i mported gravel. 

C6 I g neous rock at Churchill which s howe d the very low 

activity. 

07 Samples of the rock on which the f irst 11 open 11 test 

was made on Sept. 9, 1930, on top of Pike's Peak. 

This is native rock on Pike's Peak in boulders a 

foot or more through. 

CS Samples of the underlying hard granite outcrop at 

Seven Si s ters, Winnipeg, tested on Sept. 5, 1930. Un­

like the Churchill igneous outcrop this s howe d h i gh 

activity thoug h on a rock in the middle of the river. 

C9 Samples chi pped off from the heavily weathered boulder 

on which the secon d observation on Mt. Manitou was 

made Sept. 11. 1930. Also like the b oulder on which 

f irst test was made. 

ClO Gravel from Minneapolis gravel pit. Superior Ltd ., one 
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mile f rom city limits inside, or 3 miles from loop. 

Cll Minneapolis Limestone Qua rry, 0ep t . 6, 1930 . 

Cl2 Q,uartzose Sandstone , Zion Cany on, Utah, 4 miles e a st 

of U.P. Lodge. Boulder a t e nd of road. 

Cl3 These f ragments of rock we r e c hippe d f rom the boulder 

sever a l fe e t in d iameter on which electroscope was 

set to me a sure t he local radiation from the rocks 

about Gl e n Gove, Colo. Alt. 11425 ft. on the auto 

hig hway to Pike's Peak, Se pt. 19, 1932. 

Cl4 Sample from outside Weather Bureau Sta. at El l enda le 

immedia tely undernea t h where No. 3 electroscope 

stood on the top of b a tte ry box ( ~ in. p ine) 2 x 1 ft. 

Cl5 Earth taken from Felts r •ield, Spokane, jus t beneath 

where electroscope No. 3 sat first on soil, second on 

one box 1 ft. high, c los ed top and bottom with ~ in. 

pine, t h ird on t wo such boxes or a bout 26 in. hig h. 

Cl6 These are sam ples of the limestone or ma rble b locks 

on wh ich electroscopes were set Friday morning ~3ept. 

9, 1932, when out 44. 6 i ons were obtained at a place 

where t he cosmic r a ys alone amount to 38 ions. Loca le 

is mile 39 on the Hudson's Bay R. R. 

Cl7 Rive rside limestone taken from dee p horizontal 

sha ft in pure limestone. 

Cl8 Kaibab limestone. Rocky point with railing perhaps 

500 1 SE of U.P. Hotel, North Rim, Grand Canyon. 

Cl9 Volcanic tuff from Are quipa, Peru, Nov. 1932. 

C2O Surface rock f rom Crucero Alto, Peru, De c. 1932 . 
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Table I. Radium determinations by the writ e r. 

Specimen (Ra-content) X 1012 
de s i gnation Individual runs Means 

Cl 0.46 ..,. .01 
0.47 :t • 03 0.47 

C2 o. 36 :t:. . 02 
o. 37 .:t. .02 0.37 

05 o. 77 :t: .02 
1. 07 :t: .03 0.92 

06 0.17 ±. .02 
0.21 ± .02 0.19 

C7 1.18 .:t: • 02 
1. 33 :t. • 02 1.25 

C8 0.26 -r. .01 
o. 23 :t:. • 02 0.25 

C9 1.23 _:t- .03 
1.40 :t • 04 1.32 

ClO 0.36 ;1: • 02 
0.37 ± .02 0.37 

Cl2 0.31 ± .0'2 
0.34 ± .03 
0.31 ± .01 0.32 

Cl3 1.88 :t .04 
1.89 :t .03 1.89 

Cl9 1.39 :t: .04 
1.54 ;:t:. .02 1.47 

The results of Evans at Berkeley, who extended 

the measurements to a larger number of rocks but did 

not make check runs on each specimen, are presented in 

Table II. 
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Table II. Radium de terminations by Zvans. 

Specimen 
X 1012 designation (Ra-content) 

Cl 0.41 
C2 0.25 
03 0.33 
C4 0.44 
05 0.52 
C6 0.23 
C7 1.52 
C8 0.19 
C9 1.34 

ClO 0.48 
Cll 0.60 
Cl2 0.32 
Cl3 1. 8 3 
C14 o. r;rn 
015 0.68 
Cl6 0.11 
Cl7 0.32 
Cl8 0.95 
019 1.75 
C20 2.38 

Comparison of the two sets of data gives an ade­

quate cross-check of the method with the two apparatus 

and extension of this work hardly seemed justified, partic­

ularly in view of t he fact that the Berkeley apparatus had 

underg one considerab le advancement in ease and efficiency 

of operation. The determination of t he cosmic ray rocks as 

a whole was t herefore completed only at Berkeley. For the sake 

of consistency, it s eems t o the writer to be best in con-
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sidering the rocks as a whole to u s e the data from the 

a pparatus on which all of the rocks have been measured. 

The1°efore , unle ss otherwise mentioned , the r ad hun conce n­

tra i i ons us ed in tha succe ➔ding pages wi ll be t hose of Evans. 

III 'I'!IORIUM .S'i'vlAN /.t r I ON METHODS 

Whi l e the work of ~vans ca n bG said to ha ve sat-

isfactorily s olved the Droblem of t he determination of 

radium , T, he original g oa l o f the determinat ion of a ll the 

radioactive c onstituents of the ro ck wa s only partly 

attained by this success . 'I'here remained the prob lem of 

the (;etermina tion of the tho riu..rn ser ies. 'I'he actinium 

s eries, as is knovm from the work of v. Grosse 
8 

and othe rs 

has a constant activity ratio with res pe c t to uranium. 

From the radium measurements the c oncentration of all the 

constituents of the u r an:Lum and a ct inium serie s are readily 

(Calcula ted, provi d ing Of course, tha t sufficient time has 

e laps ed since th,:; origin of t he rock to all o\v equilibrirnn 

to take p l a ce, a condit i on which vd 11 be true for a ll but 

a very small minority of rocks . 

It has long been known9 that the thorium series 

8 . A. v Grosse, Phys. Rev. 42: 5 65, (1932 ). 
9. J. Joly, Phil. Mag . 17: 760, (1909 ); 18 : 1 40, (1909); 

J.H.J. Poole, Phi l. Tag . 29: 483 , (1915). 
H. Mache and M. Bamberger-,-wlen Ber . Ila, 123: 325 , 
(1914 ). -
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is generally prevalent in the surface rocks of the earth 

at a concentration such that its activity is comparable 

to that of the uranium series. Hence the effect of the 

thorium series in any measurement utilizing such proper­

ties of radioactive elements as the emission of gamma 

rays, the production of helium and of lead, and the gen­

erati on of hea t, cannot be neglected if the measurements 

are to have more than a qualitative significance. 

Difficulties with Emanation Methods. 

On examina tion of the literature in the field of 

the de termination of thorium in rocks, 9 , 10 one finds a 

very unsatisfactory situation wi th respect to methods of 

analysis and reliability of the re sults. All of the methods 

which antedate the work of the present investigation are 

similar to the me t hod for determin:i.ng radiu.rJ1 in that they 

are emanation methods, that is, they depend upon removing 

the thoron from the rock and transferring it to an 

ionization chamoer for mea surement. 

Due to the very rapid decay of thoron (half-period 

54.5 seconds) it cannot be merely extracted from the 

rock, transferred to an ionization chamber, where its 

decay can be observed at the leisure of the observer. 

10. J.H.J. Poole and J. Joly, Phil. Mag. 48: 819, (1924); 
J.I-I.J. Poole, Phil. Mag. 3: 1246, (1927). 
A.L. Fletcher, Phil. Mag.-23: 279, (1912). 
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Since the life of t horon is small in comparison to the 

time necessary to measure t he very small ion:tzation 

currents produced by the average equilibrium amounts 

of t horon in rocks, it is necessary to use some s ort of 

flow method whereby the thoron continuously generated 

by the thorium X of the rock is cont inuously trans ported 

to the ionization chamber where it decays and its current 

can be measured. Such a method wa s devised by Strutt11 

and was used and improved by Poole and Joly9,lO in par-
12 ticular, as well as by other observers • 

In this method the rock is dissolved and the 

solution is either refluxed or ag itated while a stream of 

de-emanated air, or other emanation-free gas, is passed 

through t he solution into an ionization chamber from 

whence it exhausts into the atmosphere. It is clear that 

the ionization current is a function of the gas velocity 

and tha t there will be a certain optimum velocity at 

which it will be a maximum. '.i:'he shape of this curve has 

been calculated by Poole and Joly13 and by Evans 14 and 

both theory and experiment show that the ionizatj_on is 

uncritical to small velocity variation at the optimum 

velocity . 

Variations in other conditions such as, reflux 

11. R. J. Strutt, Proc. Roy. Soc. 76A: 88, (1905). 
12. Nat. Res. Council Bull. 80: Age of the Earth. (1931). 
13. J.H.J. Poole and J. Joly-;-Phil. Mag. 48: 819, (1924). 
14. R. D. Evans, Rev. Sci. Inst. 6: 99, ('Il135). 
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rate, emana t ing power of solution, absorp t ion of thoron 

in the l arge quant ities of drying agent required, have 

a more serious effect on the readings. Nevertheless it is 

possible by observing proper precautions to obtain reason­

ably satisfactory results for most purposes providing 

that the thorium X which is the direct producer of the 

thor1 on is completely dissolved and there are no precip­

itates or o t her matter in the solution to absorb the 

thoron or otherwise reduce the emanating power. That this 

ideal situation can rarely, if ever, be atta i ned in the 

average rock solution is made clear from the considerable 

discussion on this point in the literature. It is almost 

if not completely impossible to obtain a clear, limpid, 

solution of a rock and even if it were obtained under 

very special conditions it is hardly likely that it would 

remain stable during the long period of refluxing and 

gas washing necessary to obtain accurate readings of the 

ionization current. 

Obviously, the objecti ons that apply to the use 

of the solution method in the determina tion of radium in 

rocks 7 are much mor e seriously applicable to the use of 

the same technique in the determination of thorium and in 

addition several other difficulties of a serious nature 

are introduced. 
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The natural extension of the direct fusion 

method to the measurement of the thorium concentration 

in rocks lay in the direct application of the streaming 

method. This could be simply done by passing a stream 

of inert gas at a steady rate through the furnace con­

taining the fused rock sample and into the ionization 

chamber of the radon apparatus. 

Since the Berkeley apparatus had received consid­

erable development in the way of furnace design and sim­

plification of operation this extension bf the fusion 

method was taken up by ~vans while the writer adopted an 

entirely different mode of approach to the problem. The 

k tl bl . 14 results of Evans war have been recen y pu 1shed -

and have demonstrated the failure of the direct fusion 

method to give a reliab le method for determination of the 

thorium. 'l'he reason lies in the distillation of the rock 

from hot parts to the cold parts of the furnace, thus 

being deposited in a state of low and uncertain emanating 

power. 

IV DETERMINATION OF l 'OTAL ALPHA ACTIVPl'Y 

Advantages of New Method. 

The mode of attack adopted by the writer was the 

direct determination of the total alpha particle activity 
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of the rock. The activity due to the uranium and actinium 

series is calculable from the radium concentration and 

the subtraction of this from the total gives the activity 

of the thorium series. From this figure the thorium con­

centration can be readily calculated with the use of the 

disintegration constant of thorium~ 

For the two major fields of application of the 

measurement of radioactivity in rocks, ages of rocks and the 

radioactive generation of heat, the value of the rate of al­

pha particle emission per gram of rock plays the major role. 

(1) Age determinati ons. 
15 

The helium method for radioactive age determina tion , 

which is the only possible method available for ordinary 

ro cks, determines the age of a rock specimen by dividing 

the helium concentration by the rate of production of 

helium, the latter quantity being the total rate of 

production of alpha particles. As the half lives of 
. 9 uranium and thorium are longer than 4 x 10 years, the 

assumption of constant rate of production of helium in the 

rock since its birth involves negligible error for rocks 

less than 109 years old. For rocks older t han this, the age 

can be calculated using the exponential low of decay, and 

the error caused by lack of knowledge of the Th/U ratio 

15. W.D. Urry, Chem. Rev. 13: 305, (1935). 
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9 will be no more than 5% for rocks of age 2 x 10 years, 

and Th/U ratios ranging between zero and infinity. This 

age represents the extreme upper limit for ages ofter­

restrial rocks and the uncertainty of 5% is probably 

considerably less than the experimental uncertainty in­

volved in the application of the helium method to rocks 

of this great age. 

(2) Heat generation. 

The value of the alpha ray method for the deter­

mination of the radioactive generation of heat in rocks 

is f ound in the fact that most of the energy of radio­

active decay is expended by the disintegration alpha 
16 

particles • The average alpha particle of the uranium 
17 6 series has an energy of 5.29 x 10 electron volts while 

6 that of the thorium series has an energy of ·6.00 x 10 

electron volts. The average alpha particle for both 

series has 5 ·~ 59 x 106 electron volts energy. The total 

emission of energy includes also a fractional part of 

beta and gamma radiation. One atom of uranium I in its 

transformation into lead emits altogether an energy of 

6 1 , 18 T . . 45 x 10 electron vo ~s . his gives an average energy 
6 

of 5.6 x 10 electron volts per alpha particle of the 

16. Rutherford, Chadwick and Ellis, 11 RacUation from 
Radioactive Substancesn. p. 161. Cambridge, (1930). 

17. loc. cit. p. 86. 
18. loc. cit. p. 163. 



16 

uranium series. The total beta and gamma activity of the 

thorium series is not known with any accuracy, but if 

we assume that it bears the same ratio to the alpha 

activity as the uranium series, we get finally for the 

average energy generated per alpha particle emitted by 

both the thor imn and uranium series, the value of 5. 9 x 106 

electron volts. Since one electron volt is 1.59 x 10-12 

ergs, we can calculate the rate of energy production in 

ergs by multiplying the rate of alpha-particle production 

by the figure 9.4 x 10-6 • The error that will b~ in­

troduced by ignorance of the Th/U ratio will be small 

and in general less than the variations from sample to 

sample of the radioactivity of an average rock mass • 

. (3) Correlation of "Local Radiation 11
• 

If we may assume that the gamma radia t ion of the 

thorium series has approximately the same relative 

intensity with respect to the emission of alpha particles/ 

as that of the uraniuJll series, then we may apply the 

data on total alpha activity directly to the problem of 

the correlation of the 11 local radiation 11 of cosmic ray 

observations with the radioactivity of the underlying 

terraj_n. However there are not enough data in the lit­

erature to test the validity of this assumption. And we 
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must therefore give separate consideration to both the 

uranium and t horium series in this problem. 

Accordingly, the final aim of the investigation 

became the determination of the total alpha activity of 

the cosmic ray rocks, whose radiun:1 content was already 

known. It is the purpose of this thesis to describe the 

method used and the results of t his method as obtained 

on the cosmic ray rocks. These results have therefore not 

only tested the method but have solved the experimental 

problem which initiated the radioactive work at this lab­

oratory. 

Methods of Counting Alpha Particles. 

By means of his duant electrometer, which he 

developed to a very high sensitivity, Hoffmann19 was 

able to detect, by means of a considerable deflection 

of the electrometer needle, the sudden ionization in­

crease caused by the entrance of an alpha particle into 
20 his ionization chamber. In subsequent years Hoffmann 

. 21 22 23 
and his co-workers ' ' have improved the methai 

19. G. Hoffmann, Phys. Zeit. 13: 480, 1029, (1912). 
G. Hoffmann, Ann. der Phys. 42: 1192, (1913); 
Elster and Geitel, Festschrift: 435, (1915); Ann 
der Phys. 52: 665, (1917); Ann der Phys. 62: 738, 
(1920); Zeit. f. Phys. 7: 254, (1921); Z.f. Phys. 
25: 177, (1924); Phys. Zeit. 28: 739, (1927). 

21. M. Mader, Zeit. f. Phys. 88: 601, (1934). 
22. G. Die ck, Zei t. f. Phys. °ITTJ: 71, ( 1934). 
23. H. Ziegert, Zeit. f. Phys:-46: 668, (1927). 
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and applied it to various problems of alpha ray emission, 

most cf them concerned with the study of di stribution 

curves of the ionizat ion pulses obtained from various 

materials in the attempt to discover new radioactive sub­

stances, or very low activitie s in ordinary e lements. The 

instrument was not used, however, to obtain, a quantitative 

measure of the concentrations of radioactive elements in 

rocks. In fact no experimental method for the direct de­

termination of alpha activities of rocks antedated this 

investigation, to the writer's knowledge. 

While the duant or Hoffmann electrometer has 

yielded excellent results in the hands of Hoffmann and 

his co-workers, it is expensive and difficult to manip­

ulate. Furthermore, since the gamma ray and cosmic ray 

ionization is always a major part of the total ioniza-

tion in any clean ionization chamber, the rate of drift of 

the electrometer at the sensitivity necessary to reveal 

the alpha particle kicks will be very rapid. Hence there 

is necessitated the added complication of introducing a 

compensating current by means of an induction ring the 

potential of which is changed at a constant rate by means 

of a motor-driven rheostat. 

Other methods, such as the Geiger counter, 

have been developed which can count alpha particles and 

whi ch depend for their action on the multiplication of 
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the orig inal ionization pulse with the ionization chamber 

itself by means of col l ision ionization or other processes. 

It appears to the vvri ter, however, that the most confidence 

can be placed in a method which d irectly detects the alpha 

particle ionization pulse and whose results can therefore 

be interpreted much less amb iguously than those of other 

devices. 

Greinacher24 discovered that a multistage 

vacuum tube amplifier, the f irst stage of which was con­

nected to an ionization chamber, could detect the pulses 

produced by s ingle a lpha particles. This method has 

received further development by Ortner and Stetter25 , 

Schmidt and Stetter26 , and especially by Wynn-Williams 

and ward27 , by Ridenour of this laboratory and by Dun-

. 28 ning . 

This method has given excellent results and under 

ideal conditions would probably be adequate to measure the 

alpha radiation f rom rocks. However, in view of the com­

plica t ions introduced by the use of many stages, this 

method was d iscarded in favor of the use of a single stage 

vacuum tube amplifier using and FP-54-low-grid-current 

24. Greinacher, Zeit. f. Phys. 36: 364, (1926); 44: 319, 
(1927). 

25. G. Or t ner a nd G. Stetter, Phys. Zei t . 28: 70, (1927); 
Zeit. f. Phys. 54: 449, (1929). -

26. E.A.VV. Schimdt and G. Stetter, Zeit. f Phys. 55: 
467, ( 1929). -

27. C.E. Wynn-Williams and F.A . B. Ward, Proc. Roy. Soc. 
131A: 391, (1931). 

28. J. R. Dunning, Rev , Sci. Inst. 5: 387, (1934). 
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Vacuum Tube Electrometer 

20 

This tube has been shown by Hafstaa30 and Bearden31 

to be capable of attaining results comparable with those 

given by the Hoffmann electrometer in the measurement of 

alpha particles and protons. :t<·urthermore the simplicity 

of construction and inexpensiveness of the vacuum tube 

set-up are very strong points in its favor. 

The attainments of this FP-54 and the conditions 

limiting its ultimate sensitivity and the method of attaining 

that sensitivit y a~e. thoroughly discussed by riafstad30 , and 

need not b e repeated here. A suff icient s ensitivity to attain 

the des ired 1~esul t of re cording alpha particles is rela ti vel y 

easy to obtain. It is found, however, that the decline 

in the plate current caused by the discharge of the storage 

battery supplying the filament produces a galvanometer 

drift, which, at the necessary sensitivity, is far greater 

than the maximum allowable for the recording over the long 

periods neces s ary f or t he weak activities encountered. 

Hafstad' s method of reducing this drift by means 

29. Metcalf and Thompson, Phys. Rev. 36: 1489, (1930). 
30. L.R. Hafstad, Phys. Rev. 40: 1044, (1932); Phys. Rev. 

44: 201, (1933). -
31. T.A. Bearden, Rev. Sci. Inst. 4: 271, (1933). 
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of a loaded counter-cell was tried by the writer and, 

while i t was found that the drift could be r educed to any 

de s ired degree, as stated by Hafstad, nevertheless this 

state of affairs did not last for a very long period be­

cause the discharge curve of the counter-cell did not 

match that of t he storage batteries. 1'7urthermore, the 

long period of time required by the loaded counter-cell to 

reach equilibrium after an adjustment of the loading 

current was a considerable source of annoyance. 

At this time, the balanced circuit of Du Bridge 

and Brovvn32 appeared and was immediately adopted by the 

writer with a very slight modification to reduce the 

difficulties of obtaining a balance with the grid at 

11 floating potential". This circuit is illustrated in Fig. 1. 

The galvanometer is a Leeds and Northrup type H. S. of 

sensitivity, the Ayrton shunt is set at 1/10. The grid 

leak Rg was made by the S.S. White Dental Manufacturing 

Co. The variable re s istances R1 and R5 are good quality 

panel-type rheostats. R8 is a 1000 ohm potentiometer con­

structed from the unwound r e sistance element of an Elec­

trad resistor of the "truvolt" type. Positive contact is 

made by means of a sliding brass collar and clamp ing screw. 

32. L.A. Du Bridge and H. Brown, Rev. Sci. Inst. 4: 532, 
(1933 ). 
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All fixed resistances, with the exception of the grid 

resistance R9 and the Ayrton shunt, were especially con­

structed for this circuit from Advance wire, and all con­

nections, with the exception of the minimum number of 

sliding contacts necessary for adjustment of the circuit, 

were carefully soldered. 

The battery, E1 and E2 , consists of two 100-

ampere-hour Exide radio batteries purchased new for this 

apparatus to obta in the smoothest possible delivery of 

current. E3 is a bank of 7 medium sized 45 volt Eveready 

11 B11 batteries from which no appreciable current has been 

drawn since purchase and which are therefore very quiet 

in operation. The storage battery is placed in a double­

walled wooden box between the inner and outer walls of 

which is a 1 inch layer of cotton batting. In this way, 

temperature fluctuations of the room, which i~ not thermo­

stated as in Hafstad 1 s work, were greatly reduced j_n 

amplitude and in rate of change. 

In the first circuits constructed, ordinary wire 

wound resistances of the type used in radio practice were 

installed, and large temperature drifts as well as spon­

taneous• instability we re experienced. This trouble was 

diagnosed to be the result of both the high temperature 

co-efficient of resist ance and imperfect internal connec­

tions in the resistance units. Advance wire possesses the 
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double advantage that it can be ea sily soldere d and has 

a very low temperature coefficient. On installing Advance 

wire resistances everywhe re possible, complete ly adequate 

stab ility was i mmedia tely obtained. The drift of the gal­

vanome ter could be easily reduced to a very steady rate 

equiva lent to a grid potential change of 1/10 of a 

millivolt per hour. 

There still remained a slight temperature effect 

which is probably due to a temperature coefficient of the 

tube characteristics and could not be entirely removed 

without thermostating the entire apparatus. This was not 

necessary as the temperature eff ect was not serious. 

Records were taken by allowing the image of the 

galvanometer lamp to f a ll on a strip of bromide J:A.per 

wrapped around the drum of a recording C 0lmera which was 

driven by a spring clock. 'I'he drum had a circumference 

of 50cm and rotated at one revolution every 2 hours 

giving a paper s peed a trifle over 4 mm per minute. As the 

period of the galvanometer was about 10 sec., this speed 

was sufficie nt to reveal all detail in the galvanometer 

deflections. The width of the paper was usually about 12 cm, 

and the necessarily long records were taken by setting the 

rate of drift at a convenient rate (usually ca. lcm/hr.) 

so tha t as the drum turned, the galvanometer spot moved 

continuously across, tracing a helical path on the drum. 
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The rate of drift was regulated by making use of 

the balancing characteristic illustrated in Fig. 2. It is 

seen from this figure that the galvanometer deflection is 

a function of the filament current. As the filament current 

declines at a very constant rate due to the discharge of 

the storage battery, it is easily seen that the drift can 

be given any desired value by setting the filament current 

at the requisite point. In general the filament current 

is set at a point a little less than the equilibrium value. 

The galvanometer spot then drifts across the paper at a 

speed which is roughly parabolic with distance from the 

balance point. This is well illustrated by the sample record 

of Fig. 3 which is a copy of a twenty hour run with the 

grid resistance of 5.3 x 1011 ohms in the circuit. 

Iohizatioh Chamber$-

Two types of ionization chambers were used. The 

first one followed the design of Hoffmann33 and was con­

structed of a light framework of wire in the form of a 

vertical cylinder 2 cm high and 6 cm in diameter, which 

was rigid ly supported by a brass ring on which the sample 

whose activity was to be examined could be so placed as 

to form the top of the chamber. This inner chamber was 

surrounded by a brass housing whose walls were far enough 

33. G. Hoffmann, Ann.der Phys. 6~ ~738, (1920). 
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away to prevent all but a few of the longe s t alp ha par­

ticles f rom reaching it. This outer chamber wa s gas 

tight a nd f illed with ema nati on-free CO2 which possessed 

the additional advanta ge of increasing the specific 

ionization of a l pha par ticles by 50%. 

'I'he whole a ssem b ly was waxed d irectly to the top 

of the 2-inch brass tube ,.-1hich housed the FP-54 a nd which 

was at a l J. time s kept evacua"Ged to a pressure of less than 

2 mm of mercury in order to avoid the record i n g of as much 

contaminat i on as possib l e . The inner col lecting electrode 

communicateG wi th the grid o f the F P-54 by means of an 

insula ting amber bushing . Al l records with this chamber were 

t aken 1r1ith the gr i d at 11 flo a ting 11 potential, i. e . the 

e qui l i b rj_um p otentia l as s mned b y t he g ri d when the to tal 

current to t he g rid i s zero, a nd wh ose v n. lue 1Nas about 2 

vol ts f or ·c he tube u s ed by the wri te r. dhile t he net g rid 

current is zero the f a ct that this current is formed of 

t wo opp osing cur r ents of e qu a l magnitude o f the order of 

10-15 amperes a n d f orme d of discrete charges , s ing le elec­

trons f or t he internal gr id curr ent, causes the g rid 

po tential to execute r and om f luctuations a round the f loa t­

ing potent i a l. The magnitude of these f luctua ti ons hR. s 

been c ~1 1culn t ed b y Hafstad , wh os e t he ory c orrectly predicts 

the observations . 'l'he tube used b y the writer gave some what 
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g re a ter fluctuations than tho s e re p or ted by Haf stad but 

no greater t ha n mig h t be expected from norma l diff ere nces 

in g ri d currents of different tubes. 

Figures 4 and 5 illustrate records of typical 

runs at f loating pote ntial. f i g . 4 i s a backgr ound run 

taken with a clean brass plate covering t he t op of the 

ionization chamber and ti' ig. 5 is the record of a run taken 

when a thin film of a finely ground rock wa s de postied 

on the under side of the b rass plate, exposed to the 

ionization chamber. 

Figures 3 a nd 6 of the same photograp h are runs 
17 

made with t he g rid re s ista nce of 5.3 x 10 - ohms connected, 

grid bias still maintained at f loating potential. 'l'he input 

period is reduced f r om a b out 5 minutes to a bout 5 seconds, 

thereby causing the grid voltage to r emain close to the 

equilibrium value ins tead of wandering rather widely as is 

the c as e wi th floating grid. Th e g reatly i mproved ease of 

counting , espe cially for hig h activities, is apparent . The 

charg e sensitivity is reduced 50% but this is not an im­

portant disadvantage . 

In order to illustrate tha t t he fluctua tions 

obs e rved are genuine g rid f luctua tions and not due to a 

defe c t i ve circuit we can compare s e ction s of two record s 

photographed at nat ura l size. Fig . 7 is a 16-hour record 

take n wi t h g rid a nd electrode floating , with a pres s ure of 
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2 mm in the ionization chamber and a collecting potent i a l 

of 315 volts. 'The voltag e sensitiv ity is 14,600 mm per 

vol t . The fluctua t ions observed are the same as t hos e ob­

t aine d with zero col lecting potential s howing tha t the 

batteries are adequately quiet in operation. F i g . 8 is 

t aken at the s a me sens itivity as Fig. 7 but wi th the 

grounding key closed. It is seen that the very small fluc­

tuat ions of 1·•i g . 8 are insignificant compared t o t h ose at 

floating potenti als. 

When the g rid leak is put in the circuit the long 

period f luctua ti ons a r e s u ppress ed but the short ones are 

about the s ame in magnitude . This is il l ustrated in ,:'i gures 

3 a nd 6, and in more detail in the n a tura l size record of 

F i g . 9 which was recorde d with the ioni zation chamber at 

2 nnn Hg pressure and 315 volts collecting potential. 

In the second type of ionization chamber, with 

which most of the quantitative measurements of alpha ac­

tivities were made, the walls of the inner cha mber were 

made of solid bras s instead of a lig ht net-work of wire. 

'rhe oute r housing was turned out of a s ol id steel rod, 

6 inches in diameter, cut to g ive a small clea rance on all 

side s between the inner and outer chambers and allowing at 

le ast 11 inches thick of iron al l around to act as an ab­

sorpt i on shie l d f or -c, he g a1Tu11a rays ern i tted from the radio­

active contaminat l ons of the walls of the lab oratory. 
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This thickness of iron reduces the intensity of background 

gamma r adiatj_on to a value less than that of the cosmic 

radiation so that the resultant ionization fluctuation is 

due chi efly to cosmic radiation and cannot therefore be 

further reduced without the use of awkwardly large thick­

nesses of shield. 

The ionization space proper is in the shape of a 

cylinder 1.84 cm in depth and 5.08 cm in diameter, the 

upper lid of which is remo yable . The collecting electrode 

is a ste ➔ l drill rod 1 mm i n di ameter, extends to within 

a.bout 2 mm of the top cover, and leads to the FP-54 below, 

through an amber insulator. The top cover of the outer 

housing gives a gas-tight fit by means of a tongue-and­

groove joint with a rubber gasket and is bolted dovm with 

6 quarter-inch cap screws. 

Fig. 10 gives a close-up view of the ionization 

chamber with outer and inner covers removed. Fig. 11 is a 

picture of the complete apparatus with the ionization 

chamber supported by the FP-54 housing occupying the right 

central portion of the picture. At the rear is seen the 

galvanometer s hie ld and to the left we see successively 

the control box (containing rheostat and resistances), 

thermally insulated storage battery box and CO2 cylinder. 

To the extreme right is a box containing the Ayp t on shunt, 
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and the long b ox below the bench conceals t he block of 

"B" batteries. It is t o be observed that all parts of t he 

circuit are completely shielded. The shielding boxes are 

constructed of ga lvanize d iron, brass or copper, and all 

connecting wires are e n cased in Roebling copper-braided 

shielding which is in all cases securely solde red to the 

shielding terminating the ends of the braids. Fig. 12 

gives a closer view, in which the ionization chamber 

unit is s h own in more detail. 

While the major work of this investigation was 

done with the second ionizatj_on chamber, we shall first 

dis cuss the use of b o t h a n d then g ive a more detailed 

de s criptions of the operat ions with the second. 

Measurement of Charge Sensitivity. 

The effective charge sensitivity in terms of 

the actual ionization produced in the ionization chamber 

was me ;:,_sured by placing a sma l l drop of dilute uranyl 

nitrate solution on the brass pl a te which f ormed the top 

of the c hamber. The size s of t he kicks recorded were then 

m:)asured a nd the d istribution curves of the kicks thus ob­

tained revealed the t wo groups of a lpha particles from UI 

and UII. 

In ~ i g . 13 are p lot t ed t he results of such a 

distribution curve taken with the first chamber and with 
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grid floating at 315 volts collecting voltage and one 

atmosphe re pressure. To illustra te the effect of collecting 

voltage on the collection of i ons, we i nclude Fi g . 14 

which is similar to 1' ig. 13 with the exception that the 

data were taken at 135 volts a nd one atmosphere. The kick 

sizes f or the two g roups are reduced, as is also their 

resolution. 

Ziegert 1 s 34 very careful determination of a total 

ion production of alpha particles from UI and UII gives the 

values 1.16 x 105 and 1. 39 x 105 ions respectively. Taking 

the t wo g roups of kicks at 20 mm and 23 mm of Yig. 13 to 

represent these ionizati on values we calculate t he effective 

charge sensitivity in the actual recording of alpha par­

ticles a t 1 a tm. a nd 315 volts to be 5800 and 5600 ions 

per mm, respectively with a mean value of 5700 ions per 

mm. The voltage sensitivity was 12,7000 mm per volt. All 

subsequent measurements of alpha activity were made at the 

standard conditions of 1 atm. pressure of CO2 and 315 volts 

collect ing voltage. 

This s ensitivity is applicable only to the first 

chamber us ed with gr i d floating . In all runs made with the 

first chamber, t hi s condition was satis f ied. 

Not only is the c apacity of the second chamber 

different from t he first , but it was never used with grid 

floating , only with grid resi s tance connected. Accordingly a 

34. H. Ziegert, Zeit. f. Phys. 46: 668, (1927). 
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determination of the charge sensitivity of the second 

chamber was made with grid leak c onne cted and a portion 

of the record obtained in this run is p ictured in F i g . 18. 

Due to the reduced sensitivity, kicks were tabulated at 0.5mm 

intervals instead of 1 mm intervals as before. The t wo UI and 

UII groups gave kicks of 9.00 and io.o mm and we obtain an 

average charge sensitivity of 12,900 ion pairs per mm. The 

voltag e sensitivity in t h is case was 14,600 mm per volt. 

This change in the voltage sensitivity wa s caused b y a re­

leveling of the g alvanometer necessitated by shifting it 

to another position a nd is not due to a change in the tub e 

characte ristics. No change in the sensitivity could b e de­

tected which was not due to a disturbance of the g alvanometer. 

V M3Tt10D OF ME1\SUREM3NT 

It is apparent that the a b ove apparatus provides 

a simple, easy a nd reliable method of determining the 

r ate at whi ch alpha particles enter the ionization chamber. 

To d o this one need me rely set the galvanomete r at the re­

quisite point , load the camera, start the record, and the 

data will be recorded with no a ttention wha tever from the 

opera t or for periods of 8 to 12 hours or more or any leng th 

of time ne eded to secure suffi cie nt kicks to g ive accurate 

results. '.i.he recorded kicks may be easily and qu ickly counted. 
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Furthermore there is a permanent record of the measur·ement 

and infallib le evidence of the b ehavior of the apparatus 

during the measurements. 

Thick Sources and Thin Sources. 

Me asurement of alpha particle activities may be 

conducted on a source whose thickness exceeds the range of 

the a l ph a particles in the material composing it or it may 

be made on a source thinner than the range of a lpha parti­

cles. l;' or rocks, the f ormer may be a smoothly polished sur­

face of the rock er a deep l a yer of finely ground rock. ri'he 

latter may be a thin layer of the rock very f inely powdered 

and deposited on a backing of zero or very low alpha activity. 

Disadvantages of Thick Sources. 

If one can assume complete homogeneity of the rock, 

the alpha activity in alpha particles emitted per cc per unit 

time.can be easily calculate d from the measured rate of 

emission of alpha particles by a smoothly polished face of the 

rock, provided that the stopping power of the rock for the 

alpha particles i s kno0:Vn. If b oth the uranium and thorium 

series are present, the result will b e a function of the Th/U 

ratio, since the mean r a nges of the t wo series are different. 

It will not be a sensitive function, however, and for most 

purposes the error introduced by neglecting to make a separate 
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determination of radium wi ll not be i mport ant. 

Nevertheles s in spite of its a pparent advantages 

this method was aband oned after tests on only t wo s moothly 

polis hed rock specimens . I t i s n e cessary t o mention only a 

fe w of the chie f r easons. In the fi rst place, since the 

obs e rved a lpha pa rticles come f rom many d ifferent depths 

within the rock t hey poss e s s all range s from zero to the 

maximum a nd the counting er:cor is directly proportional to 

the ac cura cy with 'Nh ich we de te rmine the limiting size of 

alpha par t icle to b e c ounted. Also, i t is obvious from in­

spection that the aver age rock can by no me a ns be considered 

homogeneous f or d istances in t he rock of the order of al pha 

parti c l e r anges . Furthermore, the calculated re sult is dir­

ectly pr o portiona l t o the stopping p ower of the rock, the 

average value of which may be c a lcula teo with fair a ccura cy 

for the rock as a whole, bu t into which considerable uncer­

tainty may b e introduced i f t he r ad ioa cti vity has a t e n dency 

to be concentrated into inclusions of a stoppin g power 

appreciably different from the average. 

Probably t he b iggest objection i s that a con­

siderable fraction of the material to be studied can not 

be suitably g round in the f orm of a smoothly p olished sur­

face. Much of the co smic r ay material i s of th i s t ype. 

At best, the polished surfa ce s are obta ined only after 

long and a r duous grinding . ~he cha nce of p icking up c on­

tamination dur i n g this proce ss a re very g reat. 
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These objections g ive the ch ief reasons vvhy this 

meth od wa s a b andoned in favor of t he use of a thin deposit 

of the ro ck which has b een g round t o a powder of a fineness 

such t ha t t he l ,rgest g rains have a smaller ma ximu.m diameter 

tha n t he r a n g e of the s h ortest alpha particle. 

Kovarik and Adams 35 have d e monstra ted tha t uranium 

oxide may be ground in an a g ate mortar to a particle size 

sufficien tly small that all alpha particles emitted in the 

forward d irection f rom a d e posit of the order of 1 mg per 

cm2 may be quantitatively counted. This is a ve ry straig ht 

test, since uranium emits the s hortest of knovm n a tural 

radioac t ive alpha particles with the exception of s a marium 

whose activity and concentra tion are so low as to have no 

significance in ordina ry rocks. 'Io te s t the e ffic a cy of the 

a ga te mortar i n redu c i ng t he pa r t i c le si ze of a ro c k t o a 

value smaller t han the s hortest a lpha parti c le r a nge, 

ground specimens were examined under a microscope equipped 

with a micrometer eye-piece a nd were observed to have a 

grain size cons i derably below t he maximum allowa b le limit. 

F i gure 15 shows photomic r ographs of 3 typ ica l views of a 

sample of g r a nite g r ound in an a ga te morta r and d ispersed on 

a slide by t he metho d of (r reen36 . F'or purp oses of measure­

ment ~he re is also shown a small section of a micrometer 

sca le ruled on g lass a t 100 line s per mm, photographed at 

•t I y· 

35. A.F. Kova rik a n d N . I . Ado.ms, Jr . ., Phys. Rev. 40: 1-7-8, 
(1932). 

36. H.Gre en, Journ. Fr a nk. Inst. 192: 637, (1927). 
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the same sett i ng of the photomicrog raph camera . It is 

cle a r from these pictures t ha t the l a rgest g r•ains are 

smaller tha n t h e range , 0.0126 mm, of the s h ortest alpha 

particle in b iotj_ te37 a typ ical rock mineral, and the vast 

majori ty of the g rains are a sma ll fr a ction of' this range. 

With thes e results as a bas is, the rest of the 

investigat:!.on was devoted to the dete rmination of the 

alpha activities of a number of the cosmic ray rocks by 

the us e of thin sources. 

Experiment~ l Procedure. 

Into the brass lid of the second ionization cham­

ber the one illustrated in F i g . 10, a recess was cut, 

48.0 mm in diameter and 0_.8 mm deep. After careful cleaning 

and we i ghin g , thi s di sc was p laced in an accurately level 

position, a 1.5 cc suspension of the f inely g round speci­

men in amyl acetate was p oured into the de pres s ion in the 

lid and the material in the sus pension settled slowl y and 

uni f ormly over the s urfa ce. After the amyl acetate had 

evap ora ted, this process be i ng a cce lerate d by means of 

radiati on f rom a polar cub heater, a t hin, even c oat of 

powder rema i ned adher 1ng s trong ly to the d isc. 

The appearance of a typical source thus pre­

pared is illus t r a ted in i•' i g . 16. 

37. 11 Age of the Earth.' i Na t. Res . Council Bull. 80, (1931). 
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When t he amyl a ce tate h a d thoroug hly dried, the 

disc wa s care .fully reweighed and the increas ,.:) in weig ht 

gave the weight of t he d e positeo. sample. '.i.
1h is weig ht wa s 

obtained accurately t o 0.1 mg. 

The g rinding of the sample wa s done in an a gate 

mortar and was continued until t he rock had been reduced 

to a s f ine a size a s could be accomplished. It was then 

t h oroughly d i spe rsed by grinding in a few d rops of amyl 

ace t ate in the mortar, after which 1.5 cc o f amyl acetate 

were added and , after ag itating to insure complete suspen­

sion, the e ntire 1.5 cc was picked up in a medicine dropper 

and d e p os ited on the disc. 

After drying and weighing , the disc was replaced 

on top of the ionizati on chamber , to vvhich it fit ted close l y , 

the c hamber was thoroug h ly f lus hed with CO2 a nd sealed. 'rhe 

potential of 315 volts was then applied, the amplifier was 

balanced a nd the galvanometer s c ot set correctly , the camera 

loaded and a record started. Some 10 or 12 hours l a ter, 

dur ing which t i me the a pparatu s n e ede d no a t tention what so­

ever , t he writer returned , an d developed the record. If 

consid erable tim0 elapsed before the return to the ap­

paratus could b e mad0, t he galvanometer s pot simply 

drifted off the pape r and no h a rm was d one. 

All of the runs made wi th t he appar atus just de ­

sc r i b ed were made with the g rid resistance in the circuit. 

Typica l record s a r e illustra ted in their entirety at 1/3 
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natural size in Figs. 3 and 6 while Fig. 17 illustrates a 

portion of a run on a typical rock, photographed at natural 

size. Fi g . 18 of the same plate gives, for pur poses of com­

parison a natural size portion of a record obtained from a 

very sma ll uranium infe ction on the ionization chamber lid. 

After the record had dried, the alpha particle kicks 

were counted with a hand counter and t he results tabulated 

in terms of alpha particles pe r hour. A kick size of 1.5 mm 

was chosen as the limit above which all kicks were counted 

and below which none were counted. By making runs at low 

pressure, it was demonstrated that no s pu1-. ious kicks 

greater t han 1.5 mm were produced by instrumental disturb­

ance s in the amplifier. This size kick represents an al pha 

particle of 20,000 ions. 

At fre quent i ntervals, between rock runs, back-

ground determinaGions are made i n which t he pre parati on of 

the source is in every way identical to the case of a reg ­

ular run, with t he sing l e exce ption that the 1.5 cc of amyl 

ace t ate e va pora t ed on the disc contains no suspen si on. 

Besides g iving the true background t his me thod reveals 

the extent to which contamination may be picked u p in the 

process of de position. 

The subtraction of the background r ate from t he rate 

recorded with the rock sample g ives the r a te due to t he 

rock a lone. 
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Counting Errors. 

The emission of alpha particles is a random process 

and hence the mean deviation38 of an observed number, n, of 

alpha particles is equal to fri. The probable error39 of 

the observation will be 0.67 r;;;: in which it is assumed 

that the deviations of Poisson's law38 from a Gaussian 

error curve, in the case of the numbers of particles counted 

in the average runs, is unimportant. With each observation 

of counting rate, the probable error calculated in this 

manner is also tabulated. 

Corrections. 

As the ratio of the thiclmess of the source to the 

ranges of alpha particles in the rock is made to approach 

zero, the ratio of the alpha particles projected into the 

ionization chamber to the weight of the sample will accurately 

represent the rate of alpha particle emission per unit 

weight. In practise, this i deal situation cannot be at-

tained and some corrections must be applied to the measured 

rate to obtain the true activity. 

(1) Chance coincidences. 

Due to the random nature of alpha particle emission 

there is a finite probability that two or more alpha par­

ticles will enter the ionization chamber in an interval 

38. H. Bateman, Phil. Mag. 20: 704, (1910). 
39. R.D. Evans and H.V. Neher, Phys. Rev. 45: 144, (1934). 
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smaller than the galvanometer period even though the av­

erage inte rval betwe en particles is much greater than 

this. In order to make the correction for this eff ect quan­

titatively calculable, those particles were counted which 

entered t he chamber after the galvanometer swing caused by 

the preceding particle had reached maximum amplitude. The 

time taken to reach this amplitude, as me asured with a 

stop-watch on a number of alpha particle kicks, is 5.7 

seconds. If xis the average rate of appearance of parti­

cles in this interval then the probability38 , Pn, of n 

particles appearing, is 
n -x 

D X ~ 
r,, = n! ( 1) 

Since any group occurring in this interval will 

be observed as one particle, the observed rate, y, will be 
00 

y=l_ 
n "'I 

,, -x 
X e 
n! 

-x( x , 1 e e -11 = -x 
1-e 

Solving for the true rate, x we get 

(2) 

Let z' be the measured rate of emission of alpha 

particles; then y = .00158Z 1 • Since z ' r a re ly exceeds a 

value of 100 particles per hour v,,e may neglect terms of 

higher order than y2 and we see that the error of chance 

coincidences is eliminated by multiplying the measured 
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rate z' by the factor 

(l+ 0.001582 1/ 2 ) (3) 

(2) Short l~ved alpha emitters. 

The alpha particle emitted by an element whose 

mean li f e i s sma ll compar ed to the time of the galvanome ter 

swing will be counted only half of t he time i f its i mmediate 

parent is an a l pha emitter. The actinium series possess es t wo 

of such substances and the thorium se ries possesses one. 

Hence we may calcula te t he real rate of emi s sion of the 

a ctinium and thorium series from the measured ones by mul­

ti plying the observed rates with t he factors 7/6 and 12/11, 

respe ctively , Rigorously, this correction necessitates the 

a lmowledge of the Th/U r a tio, but for many purposes the 

error introduced by a ssuming equal a ctivities of the thorium 

and uranium series will not be important. In t h is case, the 

correction factor is 28/27 or 1.04. 

(3) Absorption in the source. 

1 p---jx 

1_/ 7 I I I 717 
Fig. 19 
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Consider the sample to be uniformly spread over 

the source in a layer of a depth whose air equivalent for 

the stopping of alpha particles is d. Assuming unit intensity 

of emission of alpha particles of range R per unit volume, 

the total number of particles of range greater than r, 

emitted into the ionization chamber from an element of unit 

area and depth dx is seen from the figure to be equal to 

L(1- .-L) dx 2 f?-r 

The number emitted with ranges between r and r + dr is the 

differential of t his quantity, 

_L xdxdr 
2 (R-r) 2 

The distribution function f(r)dr which g ives the rate of 

emission per cm2 particles of range between rand r dr 

for the wh ole l ayer is obtaine d by integrating the above 

expression over x, noting that x cannot exceed R-r. The 

fm1ction has two parts: 

1. o<r(R-i:/q 
..C( _)d .d.r r X dx 
r1 I"'; r = 2 Jo (R-r)z -

2. R-c/(r-(P 
R-r 

f ~ )-1 .dr:.j xclx _ 
(Y l./1':::; 2 (f?-r)2 -

0 

sir.. 
4-

(4) 

(5) 
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If we lmow the limiting range, s, which corre­

sponds to an alpha particle of 20,000 ions, chosen as the 

lower limit of ionization pulse to be counted as an alpha 

particle, we can integrate over the distribution function 

of path lengths between the limits of Sand Rand obtain 

the actual number of alpha particles emitted into the 

chamber. Before using this result to calculate the total 

activity of the rock from the observed activity we must 

take into account another fact, the limitat ion of' range by 

the geometry of the chamber. 

(4) Geometrical Limitation of Ranges. 

Some of the alpha particles, emitted from materials 

deposited on the lid closer to the walls than the critical 

range, s, will lose most of their range in the wall and the 

ionization pulse produced will not be counted. 

.6 
Fig. 20 

Ionization 

chamber 

The geometrical situation is illustrated in Fig. 20. 

An alpha particle situated a distance, a, from the cylindrical 
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wall of the ionization chamber whose d iameter is b , poss -Jsses 

the shortened range, x, due to impact with the wall. As the 

critical range, S, is small compared to b and we are inte r­

ested in de termining the number of alpha particles with 

path leng ths in the chamber les s than s, '!ve may assume with 

sufficient accuracy for the purpose of this calculation, 

that the . a ngle betwe en the top and wall of the chamber can 

be considered a dihedra l angle. 

Consider that the top of the chamber is covered 

uniformly with an alpha emitter of homogeneous range, r, 

with unit activity per unit solid angle and cm2 . The total 

number of particles of limited range l ess than x emitted 

from a strip of width da is Trbda( l - a/~ ~in which x 

must be greater than a. The a ctivity of particles whose 

range is betvveen x and x + dx is t he d ifferential of this 

quantity 

The total activity of those particles whose range is limited 

b y the wall is the integral 

Jrjx ll L ,.6 Q c{q clx = 
o O X 

The total number emitted is 7T2b
2

/ 2 and the number 
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whose range is unlim:L ted is hence 

The distribution function f(x)dx of those whose range is 

limited is 

From these results it is seen that if the dis­

tribution-in-range of the particles emitted from the top 

of the chamber is given by f(r)dr, the resultant distribu­

tion produced in the ionization chamber (for values of r 

small compared to b) will be 
- R 

(1- -f} f (rJdr -,,. °;{f -f'(r}qr ( 6) 

where f(r)dr is given by equations (4) and (5). The 

integral of (6) becomes d 
~ 1R-~ J;. f(r)efr - 1- r (R-~' 

_d_ ( q' ) z: I- 2(1?-r) 
(7) 

Hence for O(r ( R-d we obtain the distribution 

(8) 
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We are interested in the number of track lengths, 

r, less than the critical length, s. To obtain this we 

integrate the function (8) from 0 to s. 

J£_1S[ r 2 
- ,6 (fi'-y) J <f ,--~ O /r)' -D(R-r)~ +- d2 

As the material deposited on the ionization (9) 

chamber lid was assumed to have unit activity per unit 

volume, and the distribution function of (4) and (5) was 

expressed as rate of emission per cm2 , the true rate of 

emission per cm2 of alpha particles having a downward 

velocity component, is d/2. The number of those absorbed 

in the source is obtained by letting r = 0 in equation (4 ) 

and subtracting t r1is expression from d/2. The result is 

d2/ 4R. Adding this quantity to equation (9) we obtain 

dz [ 1 is [ q' ]} T ~s + clF i- -:i.(1?-s) 

which is the quantity by which the measured emission 

differs from the true one. 

(10) 
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The measured emission is 

_d__{; cl S [ 1 d . Jj 
2 - 2( R-s) - b - z/R-s) (11) 

In order to make corrections small and therefore 

give a more accurate result, d was always made small in 

comparison to the average alpha particle range. Hence 

d/2(R-S) can be neglected in the bracket of the last term 

of (11). We therefore see, that in order to correct for 

absorption in the source and geometrical limitation of 

range we mus t divide the measured result by the factor:-

( 1- d - +) 
:,. ( R-.s) .o - ( 12) 

The value of Sis difficult to estimate. Geiger's40 

rule relating ion production ·;; i th range falls down com­

pletely for small ranges. Evans 41 has estimated the 

range-ionization relation for short particles by graphical 

integration of t he empirical ionization curves of alpha 

particles. From his res~lt, the range of a 20,000 ion 

alpha particle is 5 mm in air or about 3 mm in CO2 . 

For the purposes of this investigation it seemed 

advisable to make a direct determination of the value of 

s/b both to induce more confidence in the calculation of 

the correction and as a check on the above figure. 

40. H. Geiger, Proc. Roy. Soc. 83A: 505, (1910). 
41. R.D. Evans, Phys. Rev. 45: 2"9;" (1934). 
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Accordingly a distribution curve of kick size a t interva ls 

of 1 mm wa s made f or alpha particles from a source formed 

of 10.5 mg of powdered rock 07, a granite. The source area 

was 18.1 cm2 ,:i.nd the density of deposit was 0.580 mg per 

2 cm. 

This d istribution curve is plotted in Fi g . 21. 

It is the result of 48.'7 hours of observatj_on and 1482 

measured kick lengths. The d istribution curve of 645 

background kicks taken over a period of 102 .1 hour's is 

illustrated in Fig. 22 and the difference of the t wo , the 

distribu ti on due t o alpha particles f rom the rock alone is 

plotted in Fig. 23. 

If this curve is extrapol ;-'< ted to zero kick size, 

the area under the cu1°ve included between the axis and the 

ordinate at 1.5 mm re presents the activity of particles of 

range less than t he critical range, s . The ratio of this 

number to the total activity observed gives the value of S/b. 

The observed activities were 1.'77 alpha particles 

per hour for particles of kick length less than 1.5 mm and 

24.1 alpha particles per hour f or t he total activity. The 

resultant value of S/b and estimat ed error is (0.07: .01). 

Since b is 50.8 mm, the value of S obtained from this result 

is 3.5 mm. we the refore assume that the limiting kick 

size, 20,000 ions represents an alpha particle with a range 
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of 5 mm in air and the term d/2(R-S) of the correction 

factor is c a lculated on this basis. 

Stopping Power of Rocks. 

As d and (R-S) must be expressed in equivalent 

stopping powers, air a t o0 0 and 760 mm Hg was c hos en as 

the standard substances. The me an value of 1/R-s for t he 

alpha particles of t he uraniu.rn series42 in air at the s e 

standard conditions, is 0.330, f or t he thorium s e ries, 

0.268, and for t he actinium series 0.264. The mea n va lue 

of all series, chosen for the calculation of the correction 

factor is 0 . 30. 

The e quivalent thi clmes s , d, is calculable from 

the surfa ce density of the rock sou~ce, by the use of the 

Bragg and Kleeman rule43 that the atomic stopping powe r is 

proporti onal to the square root of the atomic weight. 

The factors, F, by which the surface density of 

the source layer in mg per cm2 must be multiplied to ob­

tain its e quivalent thiclmess i n ems of air at o0 c. and 

760 mm Hg, were calculated for a number of chemical sub­

stances of common occurrence and are t abula t ed in Table III. 

42. Rutherford, Chadwick and Ellis, 11 Radiations from 
Radioactive Sub s tances1t, p. 86. 

43. loc. cit. p. 99. 



Table ~II. Factors for conversion of mg 
per cm to cm air, f or various substances. 

Substance F 

Caco3 .645 

Si02 .656 

Al203 .647 

Fe 203 .499 

FeO .473 

MgO .654 

CaO .539 

Na2o .648 

½O .518 

&20 .990 

Ti02 .551 

KA1Si3 0 
(ort~oclase 

.630 

Al
2

Mg2KHSi3 0
8 

.633 
(bioti te) 

FeMgSi203 .606 
(pyroxene) 
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It is seen that the most common rock c on­

stituents do not vary widely in the value of F. 

Using the values of Table III, the factors 

for a number of igneous rock types rang ing from h igh to low 

activity were calcula ted from the rock compositions as 



given by Clarke44 . 'lhey 8.re tabulated in Table IV along 

with the conversion factor of a composite sample of a 

large number of igneous rocks45 • 

Table I V. Conversion factors for igneous rocks. 

Rock F 

Granite .643 

Diorite .654 

Peridotite .668 

Hornblende picrite .622 

Gneiss .643 

Igneous composite . 6$8 

The average is 0.64 and the extreme variations 

of different rock types introduces negligible error into 

the corrected rock activity. Hence, ifpctesignates the 

surface density of the source in mg per cm2 , we may 

write, using the above values for 1/(R-S) and F;-

The source used had an area of 18.1 cm2 . 

44. F. w. Clarke, Data of Geochemistry. u. s .G.S. Bull. 
770, ( 1924). 

45. zr:-v. Hevesy, Chemical Analysis by X-Rays, p. 258. 

(13) 
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If m designates the total weight in mg of rock 

deposited on the chamber lid, then 

d/2(R-S) - 0.0053m 

The application of this result is not correct 

( 14) 

if' the equivalent thickness, d, exceeds the value of (R-S) 

for the shortest alpha particle, 2.1 cm for that of UI. 

The upper limit f or surface density set by this range is 

2.1/.64 or 3.28 mg per cm2 , a value which was never ex­

ce eded in practise. 

Sources of Error. 

(1) Emanating power. 

For hard and f irm rocks of large grain size, the 

loss of e manations by dif f usion through the surface is 

negligible 14 . However, for rock thicknesses les ,, than 

alpha particle ranges, t he effect must be conside red. 'l'he 

short half-life of thoron and actinon inhibit their dif­

fus ion f rom all but the most porous material and we need 

only cOn$1ider thE3 e ffect of rad on f or t he present problem. 

The first ionizat ion chamber allowed this rad on 

to escape into the l nrge volume o f t he outer chamber. 

In the second one this outer volume was considerab ly re­

duced so that any radon emitted from the source would be 

d istribute d b e tween the ionizati on spa ce pro pe r an d the 
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out er chamber in t he r atio of the ir volumes. The re sult is 

not only t o reduce the effect of emanating power but to 

make possib le its detection by a change in the recorded 

activity. 

If one notes that the radon in the gas emits 

alpha particles in all directions instead of half the total 

solid ang le, t hen the emanating power effect can be com­

pletely cancelled by making the ionization space equal to 

3/4 of the total fre e volume. In the actual chamber used, 

this volume was 48% of the total. For the extreme case of 

a source formed completely of the uraniuJTI s e ries and 

having 100% emanating power, t he result on the recorded 

equilib rium count wil l be (1.5 - 2 x 0.4,8)/4 or 13.5% 

less than the true effect f or zero emanating power. For 

the more c ommon case of e qual a ctiv ities of the uranium 

and t horium series, the effect is 7%. 

For the rock samples treated by the write r, special 

at t empts to de te ct this effect were made by continuing the 

records of s i ng l e s amples in the sealed ionizat ion cham­

ber over periods of one week or more. No change in t he 

counting r a te gre ater than the probable error of c ounting 

could be de tected indicating that it is safe to neglect 

this effect for most cases. 
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(2) Contamination. 

The count ing rates involved in this work are so 

small tha t the introduction of extremely minute quantities 

of radioactive impurities can make the results e r ratic and 

meaningless. Howe ver, by continuous care and cleanliness 

this effect can be avoided or at least reduced to a 

point where it is not serious. 

Table V g ives the results of all backgr ound deter­

minat ions on the disc on which most of the rocks were de­

posited for measurement. 

Table v. Background counting r ates. 

Time of run in hours 

19 
35 
38 
19 
19 
15 
23 
12 
20 
38 
41 
22 
37 
57 

Alpha particles per hour. 

6.2 :t: 0.4 
4.9 ± 0.3 
6.2 ± 0.3 
5.9 :t: 0.4 
7.3 ± 0.4 
7.0 :r 0.5 
5.6 ± 0.3 
6.4 ± 0.5 
6 .2 ± 0.4 
5.8 ± 0.3 
7.1 .:t: 0.3 
6.9 :t: 0.4 
5. 6 :t. 0.3 
6.2 ± 0.2 

The a~ta are pre sented in chronolog ica l order 

and we re t aken over a period encompassing 8 months. Zach 
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reading represents a separa te background reading , prior 

to which the di sc was used f or a rock determination. ·1he 

designa ted probable errors of each run 1.ivere calculated from 

the tota l number of count s in each case. '1'he average dev­

iation of these rea dings from their mean value is 0.49 

alpha particles per hour and the probable error of each 
Cf 

reading is 0.85 x 0.44 or 0.42. The average value of the 

probable errors of individual counts is 0.36. 

The small difference of these two values makes it 

impos s ible to prove from them that contamination produces 

an appreciable effect. It seems safe to conclude that the 

probable error induced by fluctuation in the background 

contamination is less than 0.3 alpha particles per hour, 

a quantity which there fore sets the lower limit f or detection 

of a ctivity. This value i s t he observed activity of 

uranium and decomposition products in e quilibrium with 
-16 

6 x 10 gms of radium. 

VI EXPERIMENTAL RESULTS 

The alpha activities of a number of the cosmic 

ray rocks were determined by the above method and the re­

sults are tabulated in Tables VI and VII. 

The first column of Table VI lists the rock des­

ignation, the second the weight of sample in mg, 
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Table VI. Alpha activities of cosmic ray rocks. 

Sample Activity in 
Rock weig ht Counting a lpha particles 

number in mg rate per mg-hour Me a n 

C5 24.5 13.2 ± 1.0 1.22 ± 0.09 
35.5 16.7 ± 0.9 1.14 :t 0.06 
16.3 9.1 ± 0.'7 1. 23 ± o. 09 1.20 

06 29.4 9.5 1 0.6 0. 84 .:t O. 05 
29.3 11.7 ±- 0.6 1.04 ± 0.05 0.94 

0'7 10.7 2'7.8 :t 0.6 5 • 96 .:t 0.13 
2 3 . 3 47.1 :r. 0.'7 4. 94 ..:t: 0. 07 
21.9 4'7.6 ± 0.9 5.36 t: 0.10 5. 42 

C8 14.0 1.8 ± 0.7 .so ±.0 .12 
30.4 5.9 ±. 0.4 .50 ± 0.03 
16.7 3.9 ±. 0.5 .54 ± o. 07 0.46 

09 27.9 30.6 .:t 0.8 2.81 ± 0.07 
46.6 44. 9 :t. 1. l 2.83 j- 0.0'7 
17 .9 23.2 ±' o. 5 3. 15 :t. 0. 0'7 
23.8 31. 9 .±. 1. 2 3 • 08 -:t. 0 . 12 2.9'7 

Cl0 25.8 8.7 ± 0.5 o. 85 :t o. 05 
28.8 8.2 :r 0.5 0.'73 ± o. 04 0.79 

Cll 2 6 .2 8.4 :t 0.5 0.81 ± 0.05 
26.8 9.3 ± 0.5 0.88 2:. o. 05 0.85 

012 25.2 7.8 :t 0.5 0.78 ± 0.05 
2 9 .6 8.6 ± 0.5 0.75 :t o. 04 0.76 

013 12.7 21.8 :t 0.5 3. 9 9 :t 0.09 
28.1 45.0 :f: 0.9 4.15 t. o. 08 4 .07 

016 20.4 1.2 .:t 0.5 o.13 r o.05 0.13 

Cl7 36.5 2.9 ± 0.4 o. 21 .1:: o. 03 0.21 

018 28.6 12 .3 ~ o. 6 1.10 ± 0.05 
2'7. 8 12. 9 -t o. 6 1.19 ±- 0.06 1.14 

Cl9 ?,0.5 42 .0 ;t l.O 5 .16 ±. 0.12 • 
g . S • 23.4 :t. 0.9 5.60 ±: 0.21 5.38 

C20 18.7 19.6 ±- 0.7 2. 38 .:t:-0. 09 
32.7 33. 6 ±. o. 6 2. 71 :t o. 05 2.55 
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the third observed counting rate, a nd the fourth the 

calculated activity in alpha pa rticles per mg-hour . 'l'he 

fifth column gives the mean values of check runs upon 

samples of the s rune rock. 'l'he listed probable err ors are 

calcul a ted from the tota l number of counts observed i n 

each run and include the probable error of the background, 

0.3 counts per hour. 

Columns two, thre t~ and four of Table VII list the 

alpha activitie s in alpha pa rticles per mg-hour of the 

u~anium series, the thorium series and the total activ5.ty, 

res pectively. The uranium series activities include the 

actinium s eries and are calculatec5- from the radium deter­

minations by the use of the acce pted
46 

Ra/U ratio of 
_r, 

3.40 x 10 ', by the expe rimental determination of Kovarik 

35 3 and Adams , that one gm of uranium emits 24,,:,§_ x 10 
---;?.,,,'. 

alpha particles per second, and by the actinium-uranium 

8 activity ratio of 0.04 determined by v. Grosse . 

Using t hese t h ree data we ualculate the alpha 

actj_vity in alpha pa rticles per mg-hour of ura nium and 

e quilib rium products by multiplying the radium concentration 

-12 
in unlts of 10 gm :p9r gm of rock with the factor 1.06. /'"-. 

Activities of the thorium series are obtained by 

subtracting the f i gures of column tvvo, Table VII, from 

those in colu..nm f ive, Ta b le VI and by multiplying the dif-

46. L:Lnd and Roberts, Jour. Am. Chem. Soc. 42: 1170, (1920). 
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C5 

C6 

C7 

cs 

C9 

ClO 

Cll 

Cl2 

Cl3 

Cl6 

Cl7 

C18 

Cl9 

C20 
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Table VII. Results of radioactivity measurements 

Uranium 
activity 

0.55 

0.24 

1.61 

0.20 

1.42 

0.51 

0.64 

0.34 

1.94 

0.12 

0.34 

1.01 

1.85 

2. 52 

Thorium 
activity 

0.71 

0.76 

4.16 

0.28 

1.69 

0.31 

·0.23 

0.35 

2.32 

0.01 

0.14 

3.85 

0.03 

Total 

1.26 

1.00 

5.77 

0.48 

3 .11 

0.82 

0.87 

0.69 

4.26 

0.13 

0.34 

1.15 

5.70 

2.55 

Local 
radia­
tion 

98 

12 

97 

45 

97 

32 

34 

25 

135 

6 

15 

24 

148 

60 

1r h/U 
activ­
ity 

1.72 

4 .22 

3.45 

1.87 

1.59 

0.81 

0.48 

1.37 

1.59 

0.11 

0.19 

2.78 

0.02 

'rh/U 
concen­
tration 

4.53 

11.13 

9 .12 
\ 

4 .fl4 

4.20 

2.14 

1.27 

3.62 

3.14 

0.29 

0.50 

7.34 

0.05 
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ference by the factor 12/11 to correct for the fa ct that 

half of the time the short lived product ThA, is emitted 

into the chamber with the Tn al pha particle and is hence 

not counted as a separate entity. 

The total activities of column four are the sums 

of the f i gure s of columns t wo and three. 

In the fifth column of Table VII are listed the 

readings of local ionization in ions per cm3- sec determined 

by cosmic ray electroscopes placed over the material from 

which the specimens were taken. 

The sixth and seventh column list the ratios of 

the elements uranium and thorium both in terms of alpha 

activity and in terms of concentration. The first ratio is 

4/3 of the ratio of the activities of the t wo s e ries in 

equilibrium while the latter is calcula ted fi-•om the former 

by multiplying it with the r a tio with which the same ouan­

tities of uranium and thorium emit alpha particles, de­

termined by Kovarik and Adams35 and Fesefeldt47 respectively. 

VII CONCLUSION 

In fi gures 24, 25, and 26 are plotted the results 

of the radioactivity determina t ions as ordinates and the 

loc a l r ad iation measurements as abscissae. All rocks of 

47. H. Fesefeldt, Zeit. f. Phys. 86: 605, (1933). 
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Tables VI and VII are plotted, with the exceptions of 

C5, whi ch is a road gravel trans ported from a distance and 

not re presentative of the terrain underlying t he electro­

scope,and C20 which is one type of t wo rock types of widely 

different radium concentrati ons selected from the electro­

scope site. 

It is se en from these figures that a rough cor­

relation exists and that in a general way the alpha ac­

tivities are proportional to the local radiation. 

If the local ionization is produced entirely by the 

radioactivity of the underlying terrain the data should 

f it an equation of t he f orm 

where I r epresents the local ionization, (U) and (Th) 

represent concentrations of uranium a nd thorium respectively 

and K
1 

and K
2 

are constants, dependent on the gamma ray 

production of t he series. 

The scattering of the points is such that it seems 

futile to attempt an accurate fit and thus determine the 

relative influence of the uranium and thorium concentrations 

on the local radiation measurements. However, the ten-

dency of the points to cluster more or less closely 

about a line passing through the origin is go od evidence 
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that by far t he grea t e r pa rt of the local r adiat ion 

arises f rom the r adioactive elements in the rocks sur­

round ing the electroscope. 

In interpret ing the above data recognition should 

be made of the fa ct that the electroscope collects r adia­

tion from a large amount of material, of which only a 

small part is available f or d irect radioactive dete rmina­

tion. Sampling variations may be expected to play a 

major role. 

Another interesting result of the data of Table 

VII is obtained on examination of the Th/U r a tios. Four of 

the rocks are limestones, Cll, Cl6, Cl7, and Cl8 and all 

of these show very low ratios. The fifth rock with 

an anomalously low ratio is a chert, a type of rock which 

is forme d by chemical de p ositi on in a manner very similar 

to the deposition of limestone. All other rocks of the suite 

investigated are igneous or f ormed from igneous rocks by 

ordinary physical processes of erosion and de p osition. 

The average Th/U concentration ratio of these 

rocks is 5 .6, wh ile tha t of the chemically de posited rocks 

is 0.42. 

Furthermore it is to be observed tha t the figure 

5.6 is more than twice "G he value usually accepted as re­

resentative of rocks as a wh ole. There are not enough 
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determinations in this collection to deterrn i. ne whether 

or not the former estimates are too low. Nevertheless 

the predominantly large part played by t he thorium series 

in the total activity of the s e rocks, and t he wide fluc­

tuations in the Th/U ratios observed, prove the necessity 

of g ivj_ng major consideration to t horium in geological 

problems involving the presence of radioactivity in the 

earth ' s crust. 
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