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ABSTRACT

The posslbÍl1ty of analyzing igneous rocks for siL-
ica and al-u¡ainlim by a rad.io-activation method. is d.iscussed "

The relevant d.ata for the occurrence of elements in igneous

rocks and. the actívation condltions of these elements are

presented.' rt is ehoïvn that the d.eteeti-on of ind.uced. acti-
vity due to sillcon after exposw:e to fast neutrons and.

al-rmj.nt¡m after exposure to thermal- neutrons is possible and.

that analysis for these el-ements is feasibl-e"

The amount of sample inaterj.al- requÍred., the sample

preparation, the irrad.iation period, the tÍ-n.e requÍred for
an analysis and. the methods of neutron bombardrnont are eon-

sid.ered and are found to bo satisfactory for practieal_

applications' A sfmplified. proced.¡.¡re for such analysis is
outlined. 

"
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T}fIRODUCTION

The Ímportanco of silicate analysis is wÍd.ely rec*
ognÍzed. in ind.ustry and in pure seience" Anaryses províd.e

the petrologist with accurate data whlch ad.d precision to
his d.escriptions of tho analyzed. rocks and. so enabl-e hjm to
interpret the relationships, hÍstory, and. mode of origin
of the materials concerned. In the task of determining and

'''¡_' ll.l

describing roekso the petrologi.st may not always f ind. the

microscopic exanaÍnation sufficiont for his purpose" This

limitation is particularly felt when poorly or incompletely

erystallized vol-canic rocks or metasomatically altered
rocks are consid.ered,

The analysÍs of igneous rocks by cheraical methods

is a costly and. ti-me consuming process. The ehemical sim-

ilarity of several of the rock formi-ng el-ements increases

the difficulty and. d.ecreases the accuracy of ciremical

methods' .4. method of rock ana]ysÍs for some of Èhe rock
forming eLements by radioactivation ls d.escribed. herein.

Research in aetivation analysis has been carried.
(1) n^_+.É¡ì ^ ^. 

, e)out by Eichholz]-'ancl Gauclin".,u Sentfle and. Freybergerl ,
These experia.enters used Geiger Uíill-er counters and. pro-
portional counters" A sclntillation eounteru which has a

much hlgh.er efflciency and. ís thus a
ing dovice, was used in the following

liminary investigations uslng the sane

carrled out by K. Brannad*t[5)

much better d.eteet-

experimsnts. ¡>re*

aÞparafus were
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The main principle of aetivation analysis rests on

the d.etection of induced. aetivity from the test saïnpl-e

after it has been exposed. to bombardment by neutrons for a

suitable length of time" Such analysis 1s feasible if the

followÍng cond.iËions are satisfj-ed."

I, The elements to be tesüed. must be easy to aetl-
vate with the bombard.lng source avai-l-abl-e"

2" The actlvity produced. must

and of sufficient intensity,

6" The activated elements must
! t'u es

half lASe to be hand.led and. transported

souree area to the d-etector, but short

rapid. anal-ysis,

4, All elenrents existing in the sane rock must

have sucb activation properties to make it a simple m.atter

to d.istinguÍsh between then, This conilition Ís satisfied.

if the elements concernod. have different half lives, if
i;he activation cross-sections (íe act,ivation probabilities)

d.iffer and. if certain elements emit .l-ower energy rad.iation

than others"

Although a large nrunber of elements may be present

in igneous roeks only eight are generally present in
anounts greater than one per eent, These are 0u Si, Alu

Fe, Mg, Câu Na and K, The above mentioned. cond.itions apply

in the case of several of these elements and. also in the

be readily detected

have a long enough

easily from the

enough to provide a
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ease of soxûe of the minor elements sucll as manganese "

Tests have been carried out with a polonium-beryil-

lium neutron source having a strength of about p Curies"

The r¡Triter has restricted. irÍs investigations to the quan-

titative d-etection and. d.ifferentiation of silica and. alum-

inum in ígneous roelcs, Rosults shoi¡¡ that neutron activa-
tion analysis of these elements is feasible" -FreJ.iminary

investigations ind.icate that Na and. K raay also be detected

by activatíon analysis,

The r¿ethocl is simple and. reclujres very little
sample preparation or handling" In most analyses only

coarse crushing is required, Since a large sample (õ00

grarns ) is used weighing emors are very slight " 'Ihe san-

ple is not destroyed. in the course of the anal-ysis.



of partÍcl-es is gÍven by the foll-owing equatioo, 
(f )

4"

d"CTÏVÂTION COI\TD]TÏO NS

The aetivation of any element irradiated in a bean

A=+Æ Fo-(l*e-0"'*l e-o'7g (t)
I\{ad

Where A = âctivity, íe nr¡:nber of particles emitted.

per second."

No = Avogadros number 6,02 x Io23 mole-l

M s Atom-ri.c weight of the element "

= Mass of bombard.ing substance in grams 
"

= Bombarrllng fl-ux, ie number of bombarding

partieles per cvnz per second."

= Activat'ion cross-section, ie the proba-

bility that a bomlrard.lng partÍcIe inter-
acts with a target nucleus (expressed in

ZtCllflL J q

= hal-f lif e of the active nucl-eu-s "

= time of lrrad.latfon.

= ti¡re elapsed si-nee irrad.ietion,

U

-7'

¿

¿
U

This equation shows that the activity of an el-ement

is directty proportional to the anount of element used, the

neutron flux available and the actÍvation cross section for
the reaction, There is, thereforeu no theoretj-eal li:nit
for the connting rate attainabl-e as one can simply use a

f-arger sainple of the rock if the eLement considered. is pres-

ent ín lower eoncentration. In practiee the síze of the

sample is limited. by requirements of uniform detector geom-

\ g-"1¡.-/.,.'-V-A'^
'S^ /) ' ''* - '

LJ-Z( ,L,4c^--/1 *å2



etry and bombarclnrent eond.itions,

The cross sections for the (nrr) and (nup) reactions

for the d.ifferent roclc forming eLoments vary from relatively
small values for fast neutron reactions to larger ones for
thermal- neutron reactions" The lsotopes formed have chara*

cteristic propertíes of initíal- actÍvation, decay and. heLf

l-ifee and. Y-ray energies" Tf it is possible to cletermíne

and. distinguish these proporties experÍnentallyu then it
should. be possibJ-e to malce a clualitative and quantitative

analysis of some of the rock f orming el-ements,

The general procedure in activation analysis is

to calibrate the detector by elcposlng a stand-ard. sample

to the fl-ux F of the bombard.ing solrrce and compare the re-
sulta-nt initial activation with that of the unknor¡vn sanple

exposed. under id.entieal eond.itions" In that case the mass

of the d.esired element in the unknown sample is gÍven by

mtr=m^F"åo

uVhere the suffixoo"refers to the stand.ard

saruple and I to the unknovm sarrple *

The Det'ector

The scintil-lation counter u-sed in the following ex-

periments employs a solid Na I (TI,) scintillator 2 inches

in d.iameter, which is placed on the face of a photomulti-

plier tube" 'uVhen subjected to gamma rad.iation, el-ectrons

rel-eased. in the erystal excite centres of fluorescence in
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'the crystal lattice whj-eh are subsequently d.eteeted by the

photomultiplier" The pulse from the photomultiplier is
transmitted. by a cathod.e follower circuit to a l-j-near ampll-

f ier. Ilrom the linear a.mplif ier the pulse j-s transmitted.

d.irectly to a eathod-e ray osei-l-loscope and tlrough a discrlm-

inator to a scal-er unil, 
"

The scintill-ation counter has the d.eslrabLe property

of aeting as Ð- proportlonal devi-se, so that it is essentially
a garnma re-y speetrometer{4-6) in which a measuïe of the en-

ergles of the gaïutra rays is obtained. from the pulse height

d.istribution of the voltage pulses of tire photomuLtiplier,

It is assumed that a strictþroportionality exj-sts between
I

the total- lighù per scintil-LatÍon in the phosphor and the

energy impartecl by the gaÍìma ray to the crystal. The inter*
action between the garnma ray and. the crystal &ay take place

accord.ing to three processes å the photoel-ectric eff ect, the

Oompton eff ect, and. the pair prod.uction eff ect. It is
therefore possibl-e to identify in the voltage pulse height

d.istribution curve for a given ganma ray energy, eit,her a

photoeleetron line, or a pair production l1ne or a d.ístri*
but'ion correspond.ing to the Compton effect, or a combination

of these" Using a differentlat discrimina'üor and photo-

graphic storage method.s employing a cathod.e ray tube rapid

analysÍ-s of d-istributions of, this type Ís possible" The

value of this proportiona] property of the scj.ntill-ation

counter in activation anal-ysis IÍes in the ability of the

d.evice to identify a particular pulse in the terms of the
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spectnrn, as r,vell as the intensity of the garnma radiation
involved, and. thus indicat,e the nature of tho rad.ioactÍve

eLements responsible 
"

A discu.ssion of the electronics and. a d.etail-ed de-

scription of the apparatus usod- in the fol-l-ov¡ing experi-
a (-\

ments is given by BramËdat\'{ Figures (l) and. (e) aïe photo-

graphs of the apparatus" Figure (1) shows the scaler unit,
discrjminator aroplifier units, the power supply, the cath-
ocLe ray oscil-loscope and. the camera. trigure (p) is a photo-

graph of the castl-e and" the eathod.e follower unit, The

crystal can be seen proJecting aboue th.e shiel_ding of the

cathode follower,

0ccurrence of the Elements

The elements wiLi- be consi-dered i-n ord.er of rel-ative

abund.ance in the earthes erust, attentlon being confined_ to

those which may be d.etected in the course of activation ana-

1ysis, The rezults of Cl-arke ancl lVashirigtonrs computati.ons

(Prof" Paper 1¿5 U"S"G.S"e :-.924r 32) as to the composÍtion

of ühe nten-mile crust,fi as cal-cul-ated. fronr chemical- analyses,

are given in Tabl-e f" The figures in Table f were used be-

cause they are given as a percentages ancl because the rela-
tíve abund.aRce of the oxides are also given"



Element

Ofiygen

SiLicon

Al-uminr;m

ïron

Calcium

Sodium

Potassium

IVlagnesium

'1'l_EAnLum

Hydrogen

Phosphorus

Carbon

lianganese

,Sulphur

Bariu¡o

Remaining elements

o

Table I
Per Cent

+6 "7I
27 "69

B,CI?

5,05

õ"65

? "75

2 "58

2 "OB

0,62

0,14

0 "15
0,094

0.09

0"05e

0"05

a,244

0xid e

sioz

Ä]a0õ

Fer0,

Fe0

&fgO

Ca0

Naeg,

Keo

Per Cent

59 "Q7

L5,2A

6 "l_0

3 "7I
'a /l^
V €TV

5 "10

ß "7L

5 "11-

1.50

0 "ã5
1 "05
0,50

0,11-

0 "0e

0,Q5

0"06

0,51

100,00 100,00

DespÍte thej-r v¡id.e range 1n chemical conrposition

igneous roclrs are predomínantly composed of eight of the

eleraents in I'able f , They are essentj-all-y multicomponent

systems of 0, Si, Af, Feu Mg, Câ, Nâ, and- K, These eLe-

ments combine to form seven prÍncipal mineral groups, the

sili-ca minerals, feld.spars, feldspathoid.so olivine, pyrox*

enes, amphibo.lese and. mj.cas, fn ad.d.itlon to thesee ma6ne-

H¿o

coe

TiO-
a)

Pzos

MnO

SrO

Ba0,

Rest



r8

(Ð

'ë

o

@

!{ ¡9
e
b rß
@ l"?

@,gtz
æ

2to
!
úe
O€
ã
@
ßJ6

€.)

Ë
c
o
(9

oc)

(]
(9

50

F e r G ent

60

Silico
Fig. õ - silie o voriqîion diogrom showinE the overoqe nrojor

element eornposilion of the pninc ipo I igne CIåJs rÐck s.
Frorn dvere çes of Ðoly's e nolyses (7 I.

q,

=
o
õ

\..'\\..
\---_\ 
_ -\.
\. ---

\.
\

------K



Ll_,

'titeu Í.lmenite, and. apatito are conmonly found. in very small

amounts 
"

The above mentioned. olements do not vary ranclomly

but are interclependent" Because of its great varÍability
silica is often used. as a reference substance and. al_L other

oxid.es are plotted as depend.ent variabl-es of the sil_ica

content" Figr.me (5) is a silica variation diagrern of the

cornmon plutonic rocks taken from Daly's average urr*l-y"u",(7)

Silicon after orygen is the most abundant el_ement

in the earthts crust and. Í.s present in aLl igneous rocks

either as sil-ica or a sil-icate, The silica content of ig-
neous rocks varies frorn ôff" t,o jH/o and. this fact forms the

bases of classification of igneous rocks, ft is cornmon to
refer to the granitic rocks as acid., the gabbroic rocks as

basic and those betv.¡een as i-ntermod.iate" This nomenel-ature

has been ad.opted. in thls paper,

Aluminum is the most abundant of the metals in ig-
neous rocks and- 1s third in abund.ance ln the líthosphere

after oxygen and sil-iea" Tt is an essential_ constÍtuent

of most igneous roclcs and. as ean be seen from Figure (g)

reaches a maxint¡m of about le/o in tne intermediate to basle

rocks and. a mini¡num in ul-trabasic rockso

Iron, after alumini:m, is the next el-ement in ord_er

of abundance in the outer portions of th.e lithosphere, but

consj-dering the eari;h as a ¡¡¡hole, it is probably the most

abund.ant metal, ft occurs ia the bivaLent (ferrous) and.

trivalont (ferric) state in practically al-l- rocks" Iïor¡¡ever
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since onl-y totaL iron coüld be d.etected. by aclivation ana-

lysis it is shown in this way in Figure (5), T-ron shows a

roaxjmrim of about lZdþ in the ul-trabasic rocks and. minjmu¡r

(4/r) in the acidie roeks"

Magnesì-um is the eighth most abundant eLement in
the earthes crust" It, is present in al-most al-l i-gneous

rocks tvhere it forms ferrornagnesium minerals" The magnesium.

content of igneous rocks shor,vs a maxÍmu¡r in the ultrabasíc
rocks and decreases exponentíally tolvards the aeid end."

Calcium is one of the most wid.espread_ metals u coming

fifth on the list of elements but third a¡nong the oxides of
the outer lithosph€reo ft is an essentiar constituent of
a great many of the rock forming mineral-s " Like al-u¡ninum

the maximum amount of eal-ciu¡r occurs in gabbrolc roeks 
"

The tr¡¡o principal alkali metal_s, sodiurn and. potas*

siruu take six-bh and. seventh pLaces ín rol-ative abundanee in
the lithosphere, They are essential to several of the mos¡

ubiqultous groups of rosk formi-ng minerals such as the feld-
spars, the f eld.spathoids, the micas, pyroxenes and the arn-

phiboles " They are both most abund.ant in the acid rocks and

decrease to mlnor amount,s in the ultrabaslc roeks,

ïn ad.dition to those elements alread.y cliscussed O,

Ti, P, Mn, Sr, Bae are al-so found i-n mlnor amounts in most,

igneous rocks, carbon generatly occurs in a¡nounts less than

r1o" The only rock-forming sil-icate of importance containing

carbon as an essential- constituent is eancrinite which occuïs

in association lvitlr nepheline; hon'ever carbon may be intro-



d.uced d.uring such processes as scapolitization" Titanium is
most comnon j.n rocks of less than 5Aþ silicon" It is gen-

erally found in amounts l-ess than 1.5/å but j-n tl:e more basic

rocks may reac n 4,/" or nore" Phosphorus is an ossential

element of apatite" fn igneous rocks the quantity of P2 05

usually J.ies between O"LO and 0"5 per centu ancl j-s more

abunclant in basic rocks. the Ï,in O content of a great majority
of ignoous rocks lies between 0,05 per cent and 0"20 per

cent, the higher f igure being encountered. j-n more basic

rocks. Tt is held principally by the various ferromagnesian

mineraLs, fn the great majorÍty of igneous rocks ga 0 varj-es

from zero to 0"¿5 per cent and. is found. arnong the sificates"
The minerological l.ocation of strontiwn is still doubtful

but it appears to be associated. v,¡ith the ferromagnesian

minerals " The average f or Sr 0 in igneous rocks is about

0,05 per cent,

Uranium and thorium and. very rninor anounts of rad.ir¡n

oecur in roost ignoous roelis " Lriany grani-bes and related.

rocks contain about O,OO5 per cent uranium or thorium oxid.e,

The amount in the baslc rocks is appreciably less. Due to

the rad.ioactive nature of these elements their presence

t¡¡iIl be d-eteeted with the scintil-l-ation eounter, 'Jhe con-

centrations and oecurrences of the minor elements have been

obtainecl from Gtorru", 
(8 )

It is not expected tÌ:at t,hese rninor el-ements will
be detectabl-e by activation analysis method.s, however, they

are mentioned. here because they might interfere with the

l_5 "
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detection of the more abundani; elements" Ivlanganeseo whlch

has a large cross section for thermal- neutrons and can be

present in igneous roeks in anounts up to l per cent, could,

holvevero interfere vrith the detection of el-ernents sueh as

sodiun since they both possess long lÍved isotopes,

Activation Cond.itions Ín Ïgneous Rocks

Ai-l the elements lisied in Table I might be expeeted_

to contribute to the final activity of the bombarded rock

snrnple, In ord.er to esti¡rate the :nagnÍtude of t,his contri-
bution the rel-evant characteristics of the elements i-nvolved.

har¡e been listed- in Tabl-es 2 and 5. Tabb 2 shows tho nu-

clear data for thermal neutron activati.on and Tab1e 5 for
fast neutron activation. lvlost of. the figures quoted. have

been talcen from the NationaL Bureau of Standards Circuþ. r
f o'l

+99.- Nuclear Data,t"' The list d.oes not Ínclude oxygen or

carbon as tireir most abundant isotopes are transformed to

other stable isotopes by neutron bombardment u The neu-bron

capture cross section O- is expressed. in ÎtbarÌtsrr, 1 barn 
=

^À .)
iQ*á+ crf " This expresses the probability of interaction
betw'een Èhe bombard.ing particle and. the target nuclei- by

giving the effective target areao

From NucLear Data, N"B"S" Ci-rcuJ.ar 499 the reactions

for al-r;mj.rnsm 2? and. silicon 88, 29 and 50, for fast and.

therrnal neutrons are: *

^ -27Al-*' - abundance 100/o,



BgggtronS

(r) ¿r27

(a) AL27

(õ) AL27

(4) et27

(th n, / ) B.õ min" A1¿8 o,eL

1^¡fuev. n s y) z,g min. A12B o "4]. mil-libarns
(*(mev. , y ) 4,6 mÍn , iw27 e.BO mil-libarns
(-,.,¡meu. nu f )l-4"g hours N*24 0"60 mi-l-l-ibarns

l-5,

TÀBI,E 2

Nuclear Data for Thermal_ IVeutron Activation
El-ernent Target Abund- cro@

Nucleus ance d/o Sect,ion Prod.uõed life

r5l-

A1

Fe

Cqoss Section (Barns)

4<ô
^.Vvr¡Þf,-

nr27
15^*

q/1

26Fe"=
rio5826'"
nn*26

r2"""6
^44

20ua- 
-

Ðc

r_1N*-"
,.39

191\
_.50

22:Ïa
r, r* rJ cJ

2õT'rlI

o51
l-5*

^86
sgör'I rÂ,Q¿uu
56ija

e1g

Ca

Na

K

Ti
Mn

P

Sr

Ba

6 "LA

l-00 ,00

0 "55
10.97

a"l5
100 "80

95 "09

gêæ

100 "00

100,00

9.86

?1 "66

in barns

0.12

0,2L

0"8

0 "05
0,6

0"6

6

0 "14
l_3,00
V ø(¿
0 "15
1 ¡2,
¿@U

0"5

a t<l
ti&.

^.28AI

Fe55

Fe59

or-P.7¡vr6

ca45

Na24-

nergy o
at-ray tnevo

2,?I1

2"#
2,gy

47d

g 
"6m

l-58d

1"8

1"1, 1"5.
o"ge l-"0

2 "758l_"gB

1"45

z "I3 ]- BI_
0 "945

Q "i57

0 "165

K40

Ti51

x,ln56

P32

sr87
BaLõ9

f4. gh

1"6X10 ry

6m

e,5gh

l-4 "õd

z "75Yr
g5m
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TA-B],8 8

Nuclear Data for Fast lVeutron ActivatÍon

Element Targef
Nucl-eus

Si -r 28
lgo¿

90

14Þ1

. . s150
lL|.

n.27
l-5tt'

¡t27
15^t

^- 26
1#Vrg

__41
lgit-*

lf¡uu25*
p-l-58

56"*

Äbund.- Cross
ance /o Secibion

Millibarns

A1

92 "L9

4,7

3 "L2
100

100

l-0 .9?

6 ,91_

100,00

?l¿66

ë(t øúþ

Mg

K

Mn

Ba

5,0

2"7

0,Ie
AAV 6-.¡

e,B

0"6

20

5,5

2,6

ïsotopes HaJ.f Energy of
Prod.u-ced Life t*ray mevo

2R

'Þ a0ünd.anCe

Reac1, ion

A128

n.29fr-l.

sisf
^.28"Ét¿

t,¡*27uró

\rtoâ (.f¡l)

SÍPg abundanc e 4,76/o

(b) SieB ( -lmeunrP) 2'5 nrin" A1¿8

e,5m 1"80

6"Zm L"2e 2.3

2 "7h

(6) sieg (-r mev.n,p) 6"2 min, Al¿9 2,7 mrrribarns

Si50 abund.ance 3 "Id/o

(7) sj.õo (th n, r ) z,v M" sÍ51 0"lz barns

(B) si50 Fr mevn p Í ) z"? ïrx. si5f l"r millibarns
The associated. gamma ray energies are given in tables A and 5;

ReactÍons (l) and (?) show tbat al-r-uninr¡n and. silicon
have onfy one reactÍon r¡¡ith thermal neutrons. i'he hal-f*life
of Si51 is sufficiently long to provide a means of dífferen-
tiating between theso tv¡o elements i-n an activated sarnple"

2,6m

*12

g,6m

g 
"6m

r2 "4+h

IvIn56

-1õg-Ð

1,80

I"01e 0,84

1,01e 0"84

1"5L

2,5gh 2 "L3" 181
0;845

85m 1,65

Cross secfion
õ;0 nillibarns



I7,

Experimentally, b.ovrevero it v¿as fotrnd impossibLe to therma-

l-ize all neutrons emitted frorn the source. The source, Ín

the tank, i-s al-most cornpletely surrounded. by transformer oilu
neutrons coul-d therefore be d"eflectod. and. be incident on the

sa.nple, These clefl-eeted- neutrons lvould be only partially
thermal-ized", In sucJr a oase reaction (5) wouLd. take pl-ace

and. would. provído a sma1l but sÍgnificant contribution to
the initiaL activity of the al-uminun component, It would

therofore bo necessary -t,o analyze for silica first and apply

a correction factor for this contribution,

Reacti-ons (2) and (5) show that aluminr.l¡r AL27 and.

silicon si28 both prod.uce 4128 when bombard.ed- with fast
neutrons" The cross section for 4127 in reaction (2) is
only 0"41 nrii-l-ibarns whereas that for ,5i28 is 5"0 miLLi--

barns or 7,5 times larger" The relative abundance of If-27

is 100 per cent and. that of siSB is gT'N/o a dlfference of 
.

only 7"8 per cent, Thus the major part of the initial acti-
vity of a máxture of silieon and alr;minum in equal proportions

v¿ould be due to the siLicon reaction, The aluminwn contri*
bution to a siLj-ca analysfs of a roek is not as seîious as

it f irst appears, Figure (5) shows that the alumina content

of i-gneous rocks is fairly constant, varying only a f ew per

cent from aciiL to basic rocks" Therefore by using chemi-

cally analysed rocks as standards and comparing the initial
activities of the stand.ard sa:nples and an un}çnown sample

the error introduced. tc¡ the silica analysis would. be due t'o

varÍatlon in al-umina fron the norm estabLished. by the stand.-
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ãrd. rather than from the total alumina conient of the roek.

In most cases this error would be very slight and. weLL with-
in the limi'bs of statístical error.

Thus it 1s proposed to show by the follov'¡Íng experi-

mental results that the actlvation analysis of rocks for
sil-ica is f easibLe,

Exper imental ?Yoc edur e

In the course of the following experiments a Z curie
polonÍum-beryllium neutron sourco vras used., The neutron

fl-ux of a clrríe of polonium is 2 "5 x 106 neutrons per second.
Iper cmo. This neutron source has a d.efinite period of d.ecay

due to the d.ecay of PoPlO, which has a hal-f life of l-g8,9

d.ays. The actual neutron f lux thus changes daily. 'l'his

ehange was corrected for by d.otermining a stand.ard. silica
sarrple with each series of experÍ:nents"

Before proceeding with experÍ:uents on silicon analy-

ses the following preli:ninary eonsid.eratioas lyore macle:*

1. Oallbration of the dlscri¡rinator u¡as accomplished. by

plottíng a differential cuïve of a osl-57 souïce" All
counts taken throughout the experi-ments were integral counts "

'Ihe 665 lcev, energy pealc for c;s137 occïìrs at a d.ial settì. ng

of 24 volts, From this relationship the d.ial was ealibrated

in terms of energy, The dial v,'as set at 6 volts tirereby

eljminating all pulses Less than 166 kev"

2" The grain size and size of tb.e samples 'virere stand.-

ard.i.zed, Brarû.a¿at(õ) fotrnd- that the aetivåty of a speci-
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'fic el-ement lvas independent of the grain size of the min*

eral in which it occurs provided the deteetor geometry is
constant' To maintain uniform detector geometry from sam-

ple to sample e 500 grarn samples, crushed. to rninus L/4 inch

mesh were used. fn t'he case of the higher speeif ic gravity
ul-trabasic roeks larger semples would. be necessary to main-

tain a uniform geonetry. The use of stand.ard amounts of
sanple greatly facÍLitated the cCInparison of the initÍal
counting rate and thorefore the percentage of silica in the

various sarnples,

5, ïn sil-ica and al-r¡mina d.etermination we are d.ealing

r¡uith an A12B isotope which. has a half life of 2"5 minutes"

The irradiation tirne for these d.eterminations should there-
fore be proportional to P"õ minutes" rn the following ex-
periments a síx rainute j-rrad.íe.tion period. was al-l-ov'¡ed, A

six minute irradlatíon perÍod decreased. the error d.ue to
starting or stopping the stcp watch r¡¡hen the saliple was

placed. in or removecL fron the source ar€âo

4, $fhen an igneous rock v,¡as placecl on tb.e d.etector an

increase in the nornal backgrouncì. count oeeurred. d.ue to the

presenee of U, Th and K40 in the rock" This increase was

termed t'he natura] radioactivity of the rocrc, The total
background count of a specifie sample v,ras subtraeted from

the cou-nts per unit of ti:ne after irrad.iation, rn this way

only ihe counts due to activated. elements in the sarnple were

obtained. "
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5" A thirty second ti-me lag lvas allol'¡ed after the sarn-

ple was removed from the source area before the eounting

period \üas started." This period. al"lovred strff icient time to
place the container on the detector erystal, to replaee the

neeossary cover and shields and to start the counting periocl

at a precise momont j-n each case, The graphs, showing the

decay curves of the isotopes formed. after irradiati-ono wore

extrapolated. to correct for this i;irne lag, Thus the initíal
a.ctivity or the nunber of connts at tÍme *' 0 were obtained,

6" Gurrrulative counts s/ere ta.icenu the eounter being read

every 3o seeoncl's for the first 6 ninutes ancl every minute for
the renraind.er of the decay period. The counting rate for any

specific time is the difference between the read.ing at, that,

tj:ne anc-[ the one j-umed.iately preced-ing, The minuÈe eounÈs

were divíded. by ? and. plotted as õ0 second. eounts" The eoufi;s

per õ0 seconcls were plotted as ord-inats against time on semi--

logarithmic graph paper" The eoun'f, afÈer the first half mi-n-

ute was plotted at ,25 mínutes on t,he graph, the count a.fter

l- minute at 0,75 minutes etc", up to six minutes, The 30

second count a.ftor ? minutes of d.ecay was plotted at 6,5 mj-n-

utes etceterae

7, A thlrty seeond- check count was taken v¡ith a small
1 fzn

Cs-"' souree in a standard position before and after every

determination" ff the d.ifference i-n the two checks amounted

to more than 2 per cent of the toüerl it was assumed that an

instruxrental fl-uetuation occurred d.uring the d.etermination"

The results were, therefore, discard.ed."
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Fast Neutron Irradiation
Fast neutron Írradiatíon was accomplishod by plac-

ing the neutron source on a ped.estal about five feet Ín

height situated. in the centre of the laboratory" The ar-
rangenient used. is shov,rn d.iagranrmatically in Fig, (4), The

l-ocation ancL height of ped-estal were intend.ed. to keep the

source as far away from thermal-izlng snbsta.nces as possible,

The sampleu in a plastic container such as is shovm in }'ig"
(5), was irrad.iated by placing it over the bare neutron source"

The cylindrical- opening in the centre of the eontainer was

originally intended. to sumound the d.etector crystal, The

container was, therefore, very suitable for fast neutron ir*
radiatÍon, It was found that this meth.od of fast neutron

lnad.iation afford-ed. excellent bombard¡tent geometry since

the source was almost completely suruounded. by the samp1e"

The neutron source was transported. by means of long hanctled

tongs" The sample was placed. on and removed. from the source

by means of a special hook arrangemont on the handle of the

tongs, The only diff iculty encountered d.nring the experi-

nrents rvas one of ti:iiing sirpe a few second.s were required to

renove"the tongs from the sample after it had. been placed on

the source before the stop watch was started." A more mechan-

ícal- nret'T,Lod. of placíng the sarnple on the souree would eJ.jmi*

nate this d.ifficul-by, As a safety precaution the source was

removed. to the tank in the first thirty second.s after the

counting period. was sta.rted."
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thermal Neutron Ïrrad.iation
The method. of t,hermal neutron irrad.iation is essen-

tia.Ily that used by Brama¿*t.(5) The neutron souree vûas

housed. j-n a cylindrical tank 4$ feet in dfaraeter by 3 feet
high, Figure (6) ls a photograph of tire tank" The outre

tank, which contains vraier, encloses an oil fil-Led. inner

tank 2 feet in d.1a¡neter by eå feet high, 'Ihe neutron source

was contained. in a plastic cylind.er, fB inches longr 4 j-nches

in dia¡neter, sealed. at one end. and. inserted to a depth of 10

inches in the centre of the inner tank, The source was then

covored by 5,75 crrr. of paraff in, The fast neutrons emitted

by the source were thermal-ized by the paraffin, the hydro-

genous oil of the inner tank and v¡ater of tne outlfel tank,

The sa:nple to be irrad.iated was placed in the container and.

lowered into the paraffin covering the source o

Experimental Results

Experiments i¡/ere carried. out with chemically analysed.

roclt samples and with rel-atively pure silica sand. to d.eterrnine

the precision and. accuracy of the methocl" Ifo synthetic san-

ples were used. since it ís lmpossíble to si:nulate the exact

cond.ítion under which the elenrents occur in Ígneous roc]çs,

An excell-ent series of very accurately ana_lysed. ig-
neous rocks were obtained. from the Rock Analysis l,aboratory

of the UnÍversity of X'{Ínnesota, The anal-yses of these roeics

are shovrn in Table 4, These rocks cover the complete range

of Ígneous rocks from v€ry acid. (Granite R-1885 containing

77"75 pex cent sil-ica) to very basic (Ultramafic gabbro
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R-r767 contaíning õ8,91 per cent siliea)" The sil-ica used

as a standard luas a natura.lly occurring sand found on Black

rs1ancl, r,ake Iv:lanitoba' The sand sampres used and the ana-

lysis were obtainod from the Ïr{anitoba lvlines Branch, lhe
chemical analysis of the sand. v/aså

Silica (Si02 ) - 99 $s,rt

Tron Oxide (I'erOg)- O"OSlb

Alumina (Alaog) - o,zadfo

l,ime O "LZ%

Traces of soda, potash-;
and l-oss on ignition -

TABLE 4

Chemical Analyses of Rock Standard.s.

Magnesia

Rock lfi:¡rber

SÍ0¿
Al2og
Ir'e2Og
Fe0
lvre0

Ca0
Naro
Kp0
'r-*^ f
raPJv

Heo -
coz
rnr l.ìt tvZ
P¿oo
Iiino
Sr0
Ba0

Roclc Name

R:188õ R*]-732

77 "75 65 "49L2,71 L+ "+g0.õ9 å,l-l
Q,+7 e 

" 
g0

o "34 2 "45
0 "68 4.29
6 "24 2 "90
0 "40 ß "660,gB 0 "56
0 "l_5 0 "05
0 "40 0 "050,21_ 0.65
0 "01- 0 "210"01 0"1-0

0 "04
0 "050,01

Sod.a Clase Granod.-
Granite iorite

O "I}dlo

O 
'Q9o/o

R*1738

64 "15l.6,77
1.96
L,69
I "29
2,7e
3 "92
b.77
0 "õ9
0 "l-g
o "oe0,52
o "23
0 "050 "0e
0 "100.01

Iv{onso -
ndlte

B:¿ZÞ1

58 "4515"71
1"61_
6 "76I "54
+,97
4.08
õ"98
0 

"51_
0 "09
o,26
1,46
0,61
o:ln
0 "14-0,07

Sf enite
Gnei.ss



Roqlq iü:¡rber R-Å80q R-198? R_-1987 R-L76!

Si02 54 .75 +9 .65 4I "5L 58,9l
^ 
r ñ L2 "20 L3,22 12 "IZ 6,9gn-2" 3rra ô 6"48 L"5B 3,52 +"93t ç2v,ô

FeO B "?8 l_I"76 14 ^57 29 "OTÌ,[gO 2,97 5 "++ 6 "58 5 "85CaO 4-"08 8"98 11,07 6,55
NeO 4'18 2"73- 2"06 J-'00
KrO l_.17 O "97 0,16 O "42nãos l-"61 0"59 o,44 o"g+
Hão- o,lb o.l-B o "06 o,o?
cÕz l-"5¿ 0"04 0"05
ftOZ 1,50 3,9õ 7"0+ 4"7O
p o- 0 "15 0,55 0,65 l_.61- 2"5i\,inO 0 "16 0.21- 0,21 0 "52
Sr0
t3a0 I *05
S O ,34 0.08 O "l-O FeSp 0 ,98

Roclc Name Grano* llasalt Basall, Garnetlferousphyric Dike liornf els Ultramaf ic
Di'abase Gabbro

Chemical-}y pure alumina (À120g ) aud. a. cylinder of aiuminrun

metaL, machi.necl to envelope the cry'stal l,yere used. as alt¡m.i-

nr¡¡r stand.ard,s,

(a ) Natu-ral rad ioact ivity
The cal.lses of natural racli-oacii.¡ity Ín rocl.;s may best

be stuclied ì:y exarninaiion of the spectrr-m displayed on the

eathod.e ray osoilloscope" Photr:graphs of ihe spectrut of
simil-ar arnounts of fou.:: rrnac-bir¡ated- rocks are shovun in Fig*

ures {7 n 8, I ancl I0). Threse photographs required a four

hour exposrlre and ï(oclak Contact kocess Ortho f 1lm was used,

¿-! stand.ard tsf57 spect:'uni is shor¡rn on each photograph for
conparison purposeso Tn ad.d-ition to the photographs the

baclcground count due t'o na'bural rad.ioactivity was d.eterrnined.,

The rock nalne, the figure nuru.ber of its spectr.'.u+, its sil-ica

content and its nai;ural rad-ioactivity backgrouncl eouni are

e5,
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shoürn in Table 5 "

Rock -t\arne & Nu¡rlcer

Granite - R188õ

IvTonzonite - Rl758

Slenite * R1751-

Basalt - Rl982

26"

TABT,E 5

!'i-gure No " SiJ-iea
of Spect{lq content-

(,? ) T7 ,YE{/;

(B ) 6+ "4s%

(9 ) 58 "450/0

(ro ¡ 49 ,65"/o

The most prorninent lines of each of the above men-

tioned spectrum r¡/as measured on a reading screen ancl com-

pared. with the stand.a.rd. cesiu¡rf5? l-in* ( ".665 I,Iev, )" Al-l four
sÞectra exhibiteCI. a prominent l-ine at .oé'-i,i".r" Exailination
of N"B"s" circu-lar 4gg shovred tha-b thorj.um has a ganna ray of
tiris energy. The spectrun for granite R-I-BBõ Fig, (7) has

a line at "96 Mev. v¡hich comesponds to a reported. garïroa rayY/
tþ{^or urahiìuo, The potassiwn KÍo line at l-,4b NIev. is evid.ent

in all the spectra excep-t that of granite R-iBBõ Fig " (v)

lvhich contains only 0"40 per cent potassirm oxide (Table 4),
This line j-s al-so very rveal< in sÍg" (fo) basal-b R-l-ggp vrhich

contai-ns 0"97 per cent potassirrm oxj_cle, Lines representing
energy levels l-owerbhan 0,60 [dev" are probably present bui;

there values wete unobtainabLe, sj^nilarly the bl-ocked puJ_se

in each speetra rnay be pari;iall¡r clue to a irigher energy gatn-

rra ray of thoriutr.
Si-nce the spee'brurn sho,¡¡n in Ïigures (?, g, g and lO)

and othe::s exarnined, represented. a relatively wid.e range of
igneous roeks it was assumed. th¿rt they r.rere fairly rel)re-

ÀIatl-u'al
Rad.ioact ivitv

-- 

L

580 c"p"50 seco

260 c "p,50 sec "

155 c,Þ"50 sec.

105 c,p.30 sec o
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s€ntative of igneous roclcs in general, Further examÍnation

of the spectra indicated that there was no line within
about 0,1 lr,lev" of the K40 line at !"+5 lviev. This suggested

a possible methocl of analysis for potassium by employing a

d.ifferential discrirninatov" By ad justing the bias on the

d-ifferential" d.iscrlminator to count pulses greater than

L"+2 lviev" and. setting the ¿iate widtir at about 0,06 lviev" only

counts due to potassiurn (K1o) vroulcl be counted." Comparison

of the nr.mber of counts obtainecl from the same mass of a

knor¡m rock wíth that of an unknovm rock lrrould prod.uce a

quantitative esti¡nate of the potassir:m content* Unfortun*

ately time d.id not permit further experimentation in this
f ield. ,

(b) Fast and therual bomirardment of Afuminum and. Silicon.

Before proceeding with the experimental resul-ts ob-

tained- by irrad.iating silicon ancl aluminurn ''¡¡ith fast and.

thermal neutrons it might be appropriato to revùribe the

major reactions.

Si2B abund.ance gz,27;

(1) Reaci,ion, Sí28 (ru¡I[ev'ne p) P"õ min 1¡128, cross section

õ"0 mb, Al-28 has one assoeiated. gamma ray with an energy of

1.8 mer¡,

S1ZB has no rE)orted cross section for thermal- neutrons"

AI27 - abund.ance LOO..'/;,

Reaci,ions (Cont t d. )



Reac b ions

(¿) Ar27 (thn, ¿, ) 2,5 min

(g) AleT (-r mev. o ¡ ù- )z"z

D17(4) 41"' (- r mev, n t p )9,6 mi&. Z.B mb l"Ol, O.g4e
I!ig27 o "64 mev"

A 500 graTu sample of siliea sand was irrad.íated

with fast and. thermal neutrons for 6 minuies, After the

eB,

necessary comections were mad.e on the number of
ta1necl, the d.ecay curves shoum in f ig" (11) were

The mÉjor eomponent and subsequently the

of these decay curves lvere determined."

spectra, rlisplayed. on the oscilloscope,

is shown in FÍg, (l-A ) "

AlEB

Cross section

O'Tå8.

0.21 ml:

0,41 mb

Ðespite the fact that SizB has no reported. cross

section for thermal neutrons d.ecay curve A-Fig" (11) wa.s ob-

tained. on irradiation" The ha-l-f i-ife of the isotope formed

was 1"8 minutes which is very close to that of ¿128 (2"8

mi-nutes)" The o'84 grams of A1¿og present in the sample *ias

insufficient to accounü for this initial activity, The ini-
tial- activity of the sample was 167 counts per g0 seconds or

"45 counts per 30 second.s per grarn of sil_ica" The very lveak

spectrum shov'rn in Fig. (-12) is that obtained with therrnal

neutron irradiatj-on, Because of the low inùensi-'by of the

l-ine prod.uced. it r¡vas impossibl-e to coxtpare it to tl:e Cgf57

stand ard o

The activÍty de'bected was obviously d.ue to sil-1ca

and it v'¡as assumecl therdfore that all the neutrons emitted

Garurna Ray
Energy

1"8 mev"

1 ,8 mev,

initiaL

count,s ob-

plotted,

activities
A photograph of the

rivas al-so taken al d.
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by the souïce r¡¡hen in the tank were.not thermalized. and re- l

action (1) took place" Since igneous rocks contain between

30 and B0 per cent silica tlie silica contribution to an

alumina deter¡r.j-nation by thermal neutron jmadiation woulfl

be appreclable* One method of overcoming this difficulty
vrill be discussed. in a later section,

Curve B Fig" (11) was the d.ecay curve obtained. when

sil-ica was irradiatecl with fast neu'brons in the ma.nner already

described." 'Ihe centred. spectrr.un of Fig. (Ie) is the spec-

trum displayed. on the oscÍlloscope after fast neutron ir-
radiation, The half life of the major æmBonent of Curve B

Fig" (11) is 2"å minutes ancl is therefore equal to that of
ÐaAl-""" The spectmra Fig" (LZ) exhibits a distinct line ai 1,8

mev. which is'çhe energy level- of the A12B garma ray, These

facts provided. sufficient proof that the reaction S1SB

(- rff.ov" n p p ) P"5 min AIPB took place when silica was irra-
d.iated r,r¡ith fast neutrons in the manner previously described"

Despite the l-ow cross-seetion (6,0 millibarns) of Si28 for
fast neutrons a reLatively high initial activity of 1460 c"p*

õ0 seconds or 4,9 c"p, 50 second.s per gram of silica was ob-

tained

The rel-atively hieh initial activity and. the com*

paratively short half l-ife of th.e isotope for:reed on bombard.-

ing sil-ica with fast neutrons indicated. a possible metihod. of
quantitative silica o.etermination" The method. suggested. a

relatj-vely high degree of aceuracy beeause of the high ini-
tial activfty and. a rapid analysis because of the short half
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life" silica determinations by thls nethod. were carriod.

out on the igneous rocks whose analyses are shown Ín Table

4, The results of these d.eterminations wil_l be discussed

in a later sectíon,

A 300 grarn sample of alumina (afpOg) was irradiated.

with thermal- and fast neutrons for a 6 minute period-" The

resulting d.ecay curves are shown Ín fig" (14)" The spectrau

d.isplayed on the oscilloscope, were photographed on the same

f 1l-n and. are shown Ín Fig" (f5),
Curve B, Tig" (14), was the d.ecay eurve resulting

from the thermaf neutron irradiation of -bhe ahuoina sarnple.

The half Life of the roajor oomponent of the d.eeay curve was

found to be 2,õ minutes, The initial activity of this com-

ponent was 830 G"p, 5O seconds or Z.? cop, 60 second.s per

gram of A1¿0g" The cenüred image of I'ig" (I5) was the spec-

trua ob'bafned- with thermal neutron irrad j-ation, This spec*

tn¡m shows a line at I'80 mev, v'¡hicir correspond.s to the ganr-

rua ray enorgy ror AJ-PB " Thus the ganrma ray energy of tho

line in the spectrr-un and the half life of the major compon-

ent indicated. that reaetion (2) had. taken place and aL28 had

been formed.

These results Índ.icated that it shoul-d. be possible

to d.etermine the alumina content of a roclc quantitatively by

means of acti.vation analysis, Howevero Ít has been shown

that silicon is activated- when irradiated in the thermaliz-
ing unit availabl-e" The observed characteristÍcs of the

silicon cornponent were identical to those of the al-lrminum
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component and the two eould not be distinguished_ from eaeh

other " since all i.gneous rocks eontain large a.mounts of
sil-ica the sitiea contrj-bution wourd constitute a major er-
ror in an alumina d.eterminabion" Time d.id not permit fur-
f,her investigation of this problen, howevere a proced.ure

for alumi-nun determination and. a method. of eorrecting for
siliea contribution wí]l be proposed. in a later section of
this papero

'rhe d-ecay eurve obtained. from the arumÍna sample

with fast neutron imadiation is shorrrrn as eurve A in $ig"
(14)' The image on the ríght in tr'ig, (18) was the spectrr:m.

obtained. for the same procodure, curve A was resolved into
two components ' component A-1 has a haLf l-if e of z,E min-
utes and an initial activity of gl5 copu 5o seconds or L"o5

coun-bs per 50 seeonds per gran of Alp0g" The energy l_evel

coffesponding to the isotope formed does not appear in the

spectrum ilue to its short half ]ife. The half LÍfeu how-

ever, i-ndicates that t,he reaction A\27 (-rmev, ils b ) e"g

min" /l,l-e8 has -baken ptrace,

The second component A-¿ indleated the hatf l-ife of
the J-sotoped formed to be g"B minutes. The initial- activity
of this ísotope was zzo c.pu Bo seconds" The half life and

energy J-evels shov'¡n in the spectnrm Fig, (1õ) are very

nearly those or ii,ig?7 The measured spectral l-ines ind,icated

galnma ray energies of 0"96 rtevo and. 0,8õ mevo eoffespond.ing

r,r¡ith the l-,OJ. mev. and "84 mev" l-evels of Mg¿? It was appa-

rent therefore that the pred.icted. reactj-ons had. taken place
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when alumlna was irrad.iatecl v¡i'th fast neutrons"

The silica content of igneous roclcs varÍes frorn 50

to B0 per cent " 't'he initial- activitles d.ue to silÍca of
igneous roclçs lrrad.iated with fast neutrons, determined from

the initial activÍ'b¡¡ of pure silícet (Curve Bu Ï.ig, (f.1) )

wonld vary from 441 c"p, B0 sec, to 1180 cop, 50 second.s"

the alumina eontent of the averages of igneous roclcs shown

in Fig" (6) varies from l percent in a duníte to about I?
per cent in a gabbro" Thus the initial activity due to

alumina in a 500 gram sample of an igneous roek could_ vary

from õ counÈs per õ0 seeord.s to 52 eounts per 50 seeonds*

Thls contribution woul-d.u therefore, introduce an apprecla-
b1e error in a silica determination if the initial actÍvity
of a- rock sample ïvere compared. to a standard silica- actívity.
However, if the Ínitlal activity of the roclc sample were

compared. to the initial actS-vity of a similar roeli standard

the error íntrocluced. v'¡oul-d be due to the difference in al-u-

mina in theknown and unknown samples and. not the total alu-
mina content, In most rock types this clifference uould-

amount t'o about 2"5 per cent 4110, or t7"5 counts per õ0

seeond.s, Silica analyses of chemÍcal- analysed roclcs \ffere

carried out in ord-er t,o determine tÏre preeisÍon and accur-

acy of tTæmethod.,

(c) Sil-iea ana.J-ysi.s of Ígneous rocks

The eight rocle sermples, the analyses of u¡hich appear

in Table 4, were irradiated with fast neutrons for a stand.-

ard period. of tinle and. the resulting decay cutves plotted,
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.1'he 2,3 minute conponent v¡as d.etermined for each curve and.

lts initial activity, extrapol¿rted. to zeToe was obtained.,

Exanples of the d.ecay curves obtained. upon inacliation of

an aci-d, intermed.iate ancL basi-c igneous rock are sholr¡n Ín

Figures (15) (18) and. (10¡ respectively, Photographs of
the speetrur, d.ispla.y.ed on the oscil-Loscope, for two of

these roclcs are shown in Figures (16) anci. (17), The 1,8

il1ev. energy J.evel ror .A128 is visible in both ryectra"
lhe results of a series of samples determined. on

the same day are sho¡rvn in Tabfe 6.

I'J.13ï,8 6

Fíg" No, of Sample Per Cent fnitial Activity
Decay Curve ñ.urber Silica counts per 50

second.s

(rs ¡

(er )

(ra ¡

(ro ¡

R-188õ 77 "75

R-1758 64,15

R-175] 58 "45

R-198e 49 "65

R*1767 58 ,9l-

Silica Sand. 99"55(11)

The valuesper graqi silica (Coturnn S) are from,5 to 1.5 per

cent higher than that obtained for silica sand-, with the

exception of R-1767. The higher counts per gran of silicû.
in the roclcs is to be expected since the rocks conta.in al-u*

mina" The large increase in eounts per graJrl sj-IÍca of

R-L767 over the stand.arcl siliea value cannot be accounted

for by itsaLunina content and must, therefore, be attributed.

l_150

960

860

799

6+O

l_460

Counts per
50 sec "per grajn
" Si]-ica,_

+,94

4 ,98

4"9S

4*95

5.48

4 ,91_
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to instrr.rmental fluctuations or persona} errors 1n proced.*

ure or boih,

The initial a-ctivities of these rocks u/ere plott'ec1

as ord.inate on l-inear graph paper against the percentage

silica (siog)' This graph is shovrn in Fig' (eO) and- the

results of Tabl-e 6 are ind.icated. t
the best 'line to f it' the values obtained. a perfectly linear

relationship was found to exist" Frevious sil.iea analysesu

extrapolated to fit the linear plot of the analyses of Table

6, are shown as d.ots, ci.rcles and. Xss in Fíg" (eO), Assum*

ing the best IÍne obtaíned. in a series of analyses to rep-

resent the correct value it is possibJe to assign an error

to each value obtaíned " The error in a deterraínation of a

lcnown rock would. be the d.ífferenee in the val-ue obtaínecl by

projeeting tho initial activity to the best line and. true

val-ue and can be expressed. as per cent sifica or as per cent-

age erroro

The limits of error of themethod can be calculated,

'Ihe statfstieal- fluetuation of each count is equal to plus æ

minus the square root of the count" Figure (ef) shov¡s a d.e*

cay curve of an activated roclc r,vith the possible statistical
fluctuation of each point pJ-otted on the point" In orcler üo

ascertain the possÍb1e error of the initíal aetivlty, the

statistical fluctuation of each point of the 2'6 minute com-

ponent lvas pl-otted.; ti,e best l-ine l"¡as drawn and. the initial

aetivity determined" In add.itj-on to the best Line a maxi¡ttrm.

and minímr.m bost line was drar¡m and. the resultant ,ir¿itia}'" , 
,r':

i ....'

I

(+). By drawing
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actlvÍties d.eterutined." The maximum initÍaL activity tvas

found to be 98O counts per 50 seconds, the normal fnitial

aetivtty 960 counts and the, minjmt¡n 940 counts per 50 see-

ond.s, The error u therefore e lvas found. to ne * gO counts

per 5O seeoncls ot t 2*08 Per cent.

The bal-ance used in v,ieighing out sa:nples was found

to weigh accurately to about 0,1 gram. The weighing error

therefore, would Oe t O"o3 per cent, In terms of initiat
counts this wotrld oe t o.5o counts per õ0 second.s"

It v¡as founcl ths.t the initiaL activity of a sample

increases very lj-ttl-e after a /.,5 minute irradiation period."

The error due to timing would u thereforee be very small or

negligible if a 6 minute irradiation period. is used', The

tot,al- error on the results of a d.etermination aree there-

fore, the suru. of the statistica] error and the weighing er*

ror vrhich is * â,11 per cent" Tn the case of Syenite R-17g8

this lvould amount to t 1,õ5 per cent sil-ica"

Syenite R-l-7õ8 contaj.ns 64"1õ per cent siLica and.

16,7? per cent al-unina, Consid-er a roek lvhich contains the

sarne ernount of sil-ica but 18"77 per cont alumj-na' fn a 500

grem sample the ad-ditional Ð per cent al:mina would. repre*

sent 6 grams A1¿0g whíeh would. increase the initial- activity

6"ó counts since th.e initial activity of alumina was found

to be ]-05 counts per õO seconds per gram Á,1e0õ" The sili-

ca analysis of this sarnple would. be 0'45 per eent greafer

than the correct value if compared. to R*1758 " Sirailarly if

the rock sanrple eontainecl only L4,77 per cent alumina the
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sÍl-1ca analysis by activation meth.ods woul-d be 0,45 pêr

cent lower than the correct val-ue. Since it is unlikely
that th-e al-umi-na percentage in a partieular rock type would.

.&vary I 2 per eeni the error d.ue to the al-umina contributlon
woul-d. probably be less than t 0.45 put cent" Thus the max:

i¡sun error 1n a si-lica determi-natÍon of an unknor¡m sampJ-e com-

pared. to R-Ì?õBn consid.ering the statistieal error, the vreigh-

ing error, and- the possible error d.ue to al-unina would. be

about t ]..BO p"" cent sitlca" Tt is possible, however, that

these errors lvould. be compensai;ing ancl the net probabl-e error
iso of course, less than the amount stated..

The results of several- series of sil-ica deterrnina*

tions shov'rn in f ig. (20) irrdÍcate that the values obtained

faIl for the most part wi-ihin the linrits of error of the

mei,hod.

The analysis prccedrire for silj-ca aualysis can. nov be

swrr¡aarÍzed as f ollov'¡s:

l-" Coarse crr-rsh the rc¡ck sample -bo a grain size of

minus å incn nesh*

2, i,'{eigh out 5OO grans of the sample into -bhe plastíc

container o

3" Te.ke a 5O second. checlc coun'b r,vÍth -bhe CyLST sol-lrce

in a standarcL position"

4* Cheelr tire bacicground. eounting rate lvith erys'bal bare

ancl v¡ith the sarnpLe ó¡r the erystal and" d.etermine the nabu.i:al-

rad ioactivity of the sarnple *

5, Irrad.iate the sample r,víth fast neutrons for a sirc
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minu-be period 
"

6, Removr¿ l,he sainple from the soi-trce , place i'b on the

crystal and. after 50 second.s has elapsed measule the activa-

tion counto 'ltrirty seconds counts are taken for the first
six ininutes of the cleeay peri-od. ancL one minr¡.-be counts for
-bhe remaining time. The count,s obta.ined. are plotted. as

coun'ûs per 3O seconcls against -bime in minutes on semi- loga-

ri.thmic paper* The 2,5 minute coiìlpol1ent of the curve is cle*

terrnÍned and. 'çhe inítial acti-¡ity is obtalned. by extropola-

ting to zoro, The percentage silica is obtained. by eompari-ng

the initial- activity obtalned. with that of a knoum sample or

by means of a graph. suclr. as is sholvn in Fig" (eO)

1 ¡z,r)

?" A Cs-"' 30 second- check couni is l,aken at thÍs point

and. conpared. with t'hat talcen Ín step õ" If the d.ifferenee

is greater than t ? per cent the analysis is disgarded"

Proposed- metlrod.s of analysis for other el-emonts,

The method- of aluninwr analysis rivould be i-d.entical to

that of silica ¿¡¡1¿'1ysis exeept 'chat thermal neu'b'ron irrad.ia-

tion woul-d. be usecl" f'b is essenti-al- 'bhat the sil-ica content

of the rock ancl the initial activities of fast and. thermal

neu'bron irrad.iation for equal a¡rounrls of silica be l<noum in

ord.er to correct for the silica contribution v,¡ith thermal

neutron irradiation" The ratio of ccunts obtained with fast

a¡c1 therma] irradiation would. establish a sil-ica ecluivalent"

The initial activity for silica in the sa:mple and -bhe sili-
ca equival-ent would- then be used- to correc'b for the s jJ-ica

con-i;ribi-r.tion lvit'h thermal- neutron iruad.iatior¡ "
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The precision and accuracy of alu:¡.inrun d.etermina*

tions was not estabLished., hoirvever, the errors involved.

should. be similar to those in a sil-ica d.ei;ermination"

Analysis of a rock for sod.iwa night be possible if

a long iruad.iation period. and- a d.ifferentÍal d.Íscrjmj-nator

are used", Sod.iiua has a distinctive garlma ray energy of

2"?5 fi.evo ftris methocl tvould. involve a long counting period-

but by taking relatively long counts at d.efinite intervals,

use of the lnstrurneni woull not necessarily be restrÍcted

to sodíun d.etermination alone,

Conclusions

The experimenbs reported. here inclicate that the ini-
tial activÍties d.ue to silfca when irrad.iated. with fast neu-

trons bear a l-inear relationship to one ano-bher" The re-

su]ts obtained on i.rrad.iatÍng a series of anal-ysed roclc samples

ind.ieate that activertion analysis for siliea j-s feasible

within the l-imits of error of the method. The maximum prob-

able eruors in sil-ica ancl alurninrun d-eterminati.ons were found.
á.to be about Ë l,?5 per cent sÍl-ica and- abour; t f "0O per cent

al-u:rina" The probable error cculd be significantly red.uced

if a st,ronger neutron source Yrere used." Alt,hough the accu-

Tacy of the method Õ.oes not approach that of a good. chemi*

cal analysis, less ti-m.e and- sarr:.ple preparatÍon are required.

for an activation analysis for silica' Tho ¿¡¡€tlysis time

v'¡oul-d. l¡e red'uced' consid'erably if several- sampl es of the sarle

roclç type were analysed ancl compared. to the same rock siand.-

ard.. It vrould. be convenient to arraTLge the analyses so that
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a stand.ard cou].d be analysed. between every second. or third
unknolr¡n 

"

The analysis of a roek for sil icau alumina, and.

sodium by activation analysis and potassir¡m by natural rad.io

activity woulcl províd.e a means of ctassification ihrough the

use of triangular or quadrangul-ar diagrams,
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