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                                 Abstraet

   The distribution of radioactivity and chemical elements are traced in granitic intrusives.
The results of determinations of racioactivity using a radioscope with a Lauritsen-element
and a Iow-background counter show a tendency of the radioactive elements, As and K to
concentrate towards the periphery of the batholith or stock. In general, the average radio-
activity in bathollths is lower than in stocks. In intrusives, a core zone of lowe!` than average

radioactivity may be revealed if erosion has remoxred the roof and the upper part of the
intrusions.

                               Intreduction

    The distribution of radioactive eiements in graRitic intrusions has been a
subject of conslderable interest.a)2)3) For example, studies of radioactive dis-
tribution in granitic intrusions have shown a tendency for radioactive elements
to be concentrated towards the marginal part of the intrusion.
    Studies of variations in distribution of radioactive and chemical elements
across igneous contacts have yielded a great deal of information of granite.4)
The purpose of the present study is to investigate the relationship between the
abundance of radioactive e}ements and the petrology oz" m2neralogy of graRitic
rocks.5)
    The data presenteG in this paper consist of the radioactivity and the quanti-
tative analyses of the chemical elemeRts present in granitic rocks from three
different plutons.

Part 1. The Distributions
           in

of Radioactivity and
Granitie Bodies

Chemical Elements

                                Precedure

1. SamPling : Samples were collected from three granitic
kawa, Tanakami-Mikumo and Rokl<6. In order to obtain

intrusions, Kitashira-

the possible average
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value of radioactivity more than 21eg of sample were coilected at each site.
These samples were pulverized to a 270 mesh sieve fineness and divided for the
measllrements.
2. Se•mi-quaJit•itative sPectTograpl?•ic a'nalyses: The procedure of the analyses
adopted was the same as that used in the study of variation iR ckemical elements
across igneous contacts previousiy reported.'`) The spectrograpk is taken in
the foilowing conditions :

          Spectral region 2400-4600 A (Second order).

          SIit width 20 Lt.
          Exposure peried 30 se'b.
          Current D.C. 15 A.
   These conditions are good for general elements but rather unfavourable for
Th, U and K
3. Measurement of alt}ka-radioactivitN : The maeasurement of alpha-radioactivity
was made by means of a radioscope with a Lauritsen element.4)
   As the radioactive disintegration energy in rock is entirely converted into
heat, the contribution of radioactive elements to heat generation in rock may
be considered as nearly proportional to those of the ionization effects in air of
the respective radio-elernents. According to K. Rankama, the amount of heat
generated by the alpha-radioactive elements in granite is as follows :

Radioactive famiiy or nuciide i g"ftiC.\Sa,`.e_d.,?l.EeSi,Xa&e,.O.{.,ger8..ge,n.e2].fa.`i'Oii

                               i     Uranium and Actinium families I 3.0e
     Thorium family l 2.74     Samarium i O.O06
From this, it may be inferred that family-making radio-elements have over-
whelmingly high alpha-radioactivity ane its variation corresponds to variations
in the amounts of uranium and thorium.
4. Measureme•nt of beta-radioactivity : Measurement of beta-radioactivity was
made with a low-background gas-flow counter (LBC-1).4) Slx sheets of Al-foil
(9.6 mg/cm2, in total) were used as an alpha-ray absorber.
   The effect of absorption of beta-rays by Al-foil and by the sample itseif
is considered here. The absorption of alpha-rays has been studied by Z. Hatuda
and J. Nagai,6) and G.D. Finney aRd RD. Evans.7)
    Tke half-value Iayer a oÅí the beta-rays in the absorbing foil and source can be
determined with good accuracy. The calibration is obtained from the relation

                              ct ::= O.046E3f2 •••••••••••••••••••+•••••••(1)

where a is the half value layer in g/cm2 and E is the rnaximum energy of
beta-rays in Mev. Values for the half-value layer a of beta-radioactive elements
are obtained as shown iR Table 1.
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                 ICoethcient ofi Maximum l Half-value INumber of beta-emis-
    Radio-element i branches, l energy, E, j la}rer, a, lsions in usual granite,
                 i (0/o> l. (Ale.q.)... I...(g..'ctu2) l O•<10"2g:l>
                                                        ttt                       ttttt ttttttttttttttt         t t t tttttttt t                   '''ttttttt                                               ttttt ttttttt ttt tt                                                      ' tttttt                 '1 '                             '                                                   '                             '                 '  uranium family l l I /        234Th I loo i o.193 i o.o039 I 4.11
                                        '                 '                                                   '                                        I                 '        23•spa i' loo i 2.31 i o.161 l.' 4.11                 1111        2ispo I o.o4 i i i
        2i4Pb I 99.96 I 0.65 l O.0241 l 4.ll
                 lF •        2isAt j o.OO04 I i l        2MBi 1 99.96 i 317 I O.260 I 4.11
                                 .                 '        2ioTl I oo4 j lso iolll I o
                 i' j' l' l        2iOPb l lOe 1 O.023 ] O.OOO161 i 4.11        2ioBi l loo l 1.17 I o.osso ' 4.11
        2o6 Tl I sx. lo-sl l '
                 I,  Thorium family l l , .        22sRa i loe i oo12 I o.oooo6 s.37
                 '                                 .                                                   '                 ili        22sAc l loo l o.21s I o.O0469 i 5.37                 lI .i        2i6po i o.o13 l I                 l1.,        x21i)b I loo l o.ssg , o.olo2 i s.37
        2i2Bi I 66.3 j 2.25 i O.155 i 3.56                 ///t        L,osTl l 33.7 1 L79 i O.110 ' 1.81
  Actinium family i I i
        t3iTh l loo i o.3o2 l o.oo76 I o.o16s
                             1//                             //1        227Ac 98.8 I O.0455 l O.OO045 l O.0166                 t//t        L)23Fr I i.2 I i.is l oos66 ' oooo2
        ut f' po I sx io -- •ti I' i '
        2npb i loo i 1.3g o.07s4 l o.0168
        ,),iBi I o.32 i '
        2o7Tl l gg.6s l 1.44 i o.o7g6 ' o.ol68
  Single naturally l { ii
  radioactive nuclidei I '
       il.0"iE.". """.""""""""........11],,., ...Pi9119...j......lpm......i.. .9i9.Z9e .i•m. ... .rl.?[9..............za..

   For accurate quantitative determination of the number of beta-particies,
corrections for sensitivity of the instrument, thickness of the source and
absorber, and back scattering of the particles may be made as follows.

   If N is the number of particles emitted per unit time,
        fB is the correction coefficient for back scattering,
        fA is the correction coefficient for absorption by Al-foils,
        fs is the correction coethcient for thickness of the source,
        fi is the correction coefficient for the sensitivity of the instrument,
   and fg is the correction coefficient for geometry.
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The number of recorded particles n is expressed as

7z == NfBfASs fifg -•-••-----•-•---- (2)

   In the present case, comparative measurements were used and therefore fi.
and fg are constants. The correctiop_ coethcient for back scattering fB increases
with increaslng thickness d of the back material and theoretically reaches the
maximum value at d==0.5R. In practice, however, the maxlmum value is attained
at d==0.2R, R being the range of beta-particles. In thls measurement the satur-
ated vaiue is used and may be considere.q constant at about 1.45.8)

Table 2. Calculated
for average

each coeMcient and
granite.*'

number of beta-emissions

Radio-element

Uranium family

     234 Th

     234Pa
     214Pb
     2].4Bi

     2!eTl
     210Pb
     21eBi

f.

0.232

0.960

0.759

0.975

0.942

o.ooo

0.321

,

fs

l

O.014

0.479

O.085

0.608

0.362

o.ooo

0.204

f.•ffi•

i

l
l

O.O03

0.450

O.064

0.593

0.341

o.ooo

O.066

' l

l
i

N• L, •fs
.( Å~ .l.O..r.7.)ww.ww.ww

O.013

1.851

0.264

2.435

o.ooo

o.ooo

e.269

Thorium family

     22SRa
     22SAc
     2i2Pb
     212Bi
     2oSTI

o.ooo

0.242

0.523

0.958

0915

I
o.ooo

O.017

O.036

0.458

0.358

r

t
l

o.ooo

O.O04

O.Ol9

0.439

0.327

I
E
I

j
I

l

total 4.833

o.ooo

O.022

o.loe

0.563

0.610

Actinium family

     231 Th

     227Ac
     223Fr
     211Pb
     207Tl

E

E

0.417

o.ooo

0.889

0.916

0.920

O.027

O.O02

0.199

0.265

0.28e

l

l

O.011

O.OOO

0.177

0.243

Oa258

l
I

I
i

totai 2.295

O.OO02

o.oooo

O.OO04

O.O041

O.O043

Sing!e naturally
radioactive nuclide

      4el< 0.910 0.248 0.225 I

total O.O090

16.30

* Evance and Goedman(1941).
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   Let the thickness of radioactive source and absorber beland li, respectively,
then the correction coefficients for absorption by the aluminium foils fA and
for the thickness of the radioactive source fs are

                              fA '= ('Srm)'i!" '••••••••••••••••••••••'•••'•<3)

and
                     f. =, um}" s:(im,im)xia,. =. !,-,g,-S.li'i" (,).

                                              a

   In these experiments, li is 9.6mg/cm2 and the thickness of sample i is
0.41 g j cmi. Using these values, the coethcients fA and fs are obtained as given
in the left half of Table 2.
   If Nui is the beta-emissionslg/sec of each uranium-family-element in equili-
brium from average granite,

                      Nul = 6•06Å~10-23•F•1.,•'-wU-lti-, •••••'••••••••••••(5),

where F ==the coeMcient for branckes of way of decay in percent,
        7LuJ== a fraction of 238U transforrned per second,
        Ur ::=the amount of 238U in the samples in g/g,
  and Wui:=:the atomic weight of 23SU.

   On the otlter hand, the amount of radioactive elements in the average
granite and the decay constants are:

Radioactive family

Uranium family
Actinium family

Thorium family
Potassium (beta-decay nuclide)

Contents in granite, *
      (ppm)

]

 3.0
 2.1x10-2
 13

310

Decay constant, **
    (sec-i)

4.86Å~10-is

3.11Å~10-i7

1.58Å~10-i8

1.54Å~10-i7

   "Evans and Goodman (1941), ** Ylhag151da (lg4g). -'" umww---tt-t---t--t--

Hence, for the each nuclei of uranium family in equilibrium,

                           Nui - 4.11Å~ 10'-2F +••••+•••••••••••••••++•(6 ).

Similarly, for each nuclei of the actinium and thorium families and potassium,
the emissions of beta-ParticlesfgYsec are

                           IVA.u = 1.68Å~10-sF,

                           NTh :==5.37Å~10-2F,
                      and Ni< =,=7.37Å~10-iF.
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From the number of emissions of beta-particles per second from each nucleous
in Ig of average (Table 1) and from the ratio of the ernissions of beta-
particles from each family (Table 2), we obtain :

               f'i uJ-.-i : nTh--F : nAcu_ i•- : ni< 't'tt:i:: 2.11 : l : O.OO : 7.10

   fn s'a•nzmary, the varlatiens of potassium content are largely refiected iB
those of beta-radioactivity, whilst the variations of uranium and thorium con-
tents are mainiy refiecÅíed in those of alpha-yadioactivity.

            Some descriptions on the geology of the loca}ities
                    frorn wkere samples were taken

1. KitasJti?•aleawa granite : Tlie Kitashirakawa granite is a biotite granite,
occasionally a,Jsociated with a small quaRtlty of hornbiende, and is penetrated
by different dyke rocks. This granite intrudes into Paieozoic rocks which are
often altered So hornfels by contact metamaorpkism. Distributions of alpha-
activity along traverses across contact boundaries have been investigated.4)
From these results, the Kitashirakawa granite is classified into the second-type.
The distribution of Ra content of this body also has been investigated by
T. A.qayama"') and is shown in Fig. 4--l. It is seen that for 14 granites an
increase in radioactivity is associated x7vrith increases in amounts of silica and
poÅíassium oxide.

2. Tenafe,ami-Mifeumo granite: The Tanakami granite is an intruslve bedy
e!}iptical in shape. The Mikumo granite is a batho!ithic intrusion, making
connexion with a former stock in its southwestern part. Tanakami granite is
mainly coarse-grained, but sometimies medium- and fine-graiBed or porphyritic
containing variab}e amounts of biotite. Mikumo granlte is a coarse-grained
hornblende biotite granite. The contact metamorphic rocks are hornfels for
the Tanakami granite, schistose biotite hornfels for the Mikumo granite.
Asayama's measure!nent'0) of radium conteRt for these rocks are shown in
Fig. 4-2. The radium content of 13 granites from Tanakami area ranges from
1.16Å~10-i2 to 3.23Å~10-'i2 and averages (2.04,/i]0.12)Å~10"'i2 Ra gi g, that of 11
granites from Mikumo area ranges from 0.43Å~107i2 to 1.34>< 10'wwi2 and averages
(0.86 ti/:O.06)Å~10mm'2 Ra g/g. Hence, marked differences in the ranges and the
average of the radium content between these two groups of granites are obser-
ved. Separately, the amouRt of radium correiates witk the amount of oxide
in each of these two areas. The distributioR of alpha-activity across contacts
has been investigated, and the Tanakami stock is classified as the first type.6)
3. Ro}elg6 grai•tite : The Rokk6 motmtain mass consists mainiy of granite. These
are biotite granite, hornblencle granocllorite and hor-nblende-bearing biotite
granite. The biotite granite may be divided into mediurn-grained, coarse-
grained and fine-grained varieties. These granitic rocks intrude into Palaeozoic
formations. Many kirids of dykes intruded into the graBitic mass.
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Results

   The resttlts of radioactivity determination are shewn in Tabie 3 aRd in
Figs. 1 to 3. Semi-quantitative spectrographical anaiyses listed in Table 4.

Table 3. Radioactivity of granitic rocks.

Locaiity I a--activity, j B--activity,
(div,'min) l (cPm)

Kitashirakawa
 biotite granite (7)
 porphyritic biotite granite (6)
Tanakami (6)
Mil<umo (9)

Rokk6
 coarse-grained biotite granite (l6)
 medium-grained biotite granite (5)
 fine-grained biotite granite (3)
 iiparite (1)
 granite porphyry (1)

s

I
I

l
i
l

0.45Å}O.02
o.66 ri o.o3

1.01Å}O.05
0.72Å}• O.e9

0.87=1 0.e5
0.71Å}O.03
0.49-O.02
0.45
0.80

l
I
l
l
I
I
l
1

10.1 :Å}: 0.6

10.7Å}0.4
10.4 ti O.4

13.3Å}1.2

13.2 :t• zT O.3

12.7Å}0.5
10.4 imO.1

7.6
9.8

[Zi] Biotlte Granite

[rlXII Granite perpltyry

a Recent
t

l

Fig. 1. Distribution of radioactivity (Kitashirakawa).
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    Tabie 6 gives the average quantities and Table 7 the variations for each
e!ement in Kitashirakawa, Tanakami-Mikumo and Rokk6 intruslves. From the
spectrographical analyses, the quantitative variations of Ag, As, Au, Ca, Co,
Cr and Cu are remarkable for the Kitashirakawa and Tanakami-Mikumo areas,
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Table 7. The variation of chemical elements in granite of each locality.
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                          Some Granitic Bodies (1)

and rather vague for the RokkO granite. Rokk6 granite samples are richest in
Ag anct Mo, and poorest in Au, Ca, Co, Cr, Hf, Ni, Y, Yb and Zr as compared
with the other two intrusioRs.
   The distributions of aipha-radioactivity and beÅía-vadioactivity (S. Nishi-
mura) and radium and K,0 contents determinecl (T. Asayamai{')) are given in
Figs. 4-1 to 4-3. In these figures, there is a tendency for an increase of alpha-
radioactivity towards the outer margin of the batholiths, consideration being
given to the effecÅí of size varlation of the major minera} constituents. In
the Tanakami-Mikumo and Rokk6 granites, there is a simiier tendency in the
quantita'tiWe variations of aipha- and beta-radioactivities.
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                              Discussien

(1) Relatiosc.shiP betwee7•t the qua}ttitative variations of radioact•ivity a".d aJ•noztnts

of Ra and K20 : The distributions of radioactivity and ameunts of Ra ancl K,,0
in Kitashirakawa and Tariakami-Mikumo intrusions are given in Fig. 4. Radio-
activity, and amounts of Ra and K20 are seen to increase towards the margin
of the intrusioRs. In the Tanakami-Mikumo intrusion, a marked difference in
the range an(i average alpha-ra(lioactivity and ainount of .l?a between these
two granites are clearly observed but are vague for beta-radioactivity. T}iis
suggests. .a tendency for higher alpha-radioactivi'ty and beta-radi'oactivity for
later stage of granitic magma.
(2) Relation bettveen alPha- and beta-radioactivities: The relation between
alpha- and beta-radioactivities is shown in Fig. 5. In the Kitashirakawa granite,
there is little relation of alpha-radioactivity to beta-radioactivity ; in the Rokko
and Tanakami-Mikumo granite intrusions, alpha-radioactivity increases with
increasing beta-radioactivity, but the trend is rathey vague.
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(3) Relation between radioactivity and qzca?ztitative variatio•ns of cltemicai el7nents :

Table 8 shows the relationship between radioactivity and the variations of tke
chemical elements, in each iocality, and summarized resuks are shown as
foliows :

Locality

i
[

with increasing
   a:-activity

       Increasing
i with decreasing Iwith
   a•--activity I

     ''i '''
      lAg, Ni, Sn
"' """'ww"/-m" "'""' '"
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   In summary, the relationship between radioactivity and variations of
chemical eiements over the whole intrusion are shown in Tabie 8-4. The
general trends show a marked iBcrease of alpha-radioactivity with decreasing
Hf : of beta-radioactivity with decreasin.g Au, Mo, and Sn, and an increase of
both radioactivities with decreasing Ag, Ca, Co, Ni and Zr. Alpha-radioactivity
increases with incyeasing V.

                              Conelusions

   From the above results, following conclusions may be deduced; (1) con-
centration of alpha- and beta-radioacÅíIVities towards the outer margins of the
batholiths, (2) remarkable variations ln quant!ties of Ag, As, Au, Ca, Cr and
Cu in the Tanal<ami-Mikumo and Kitashirakawa intrusions, (3) an increase of
both radioactivities with increasing grain-size of the major minerals present
in the rocks and (4) the average values of both radieactivities in stocks are
higher than those in batholiths.
   The general trends of the relation between ratioactivity and variations of
chemica} e}ements lndicate that aR iRcrease of alpha-radloactivity is accom-
panied with a decrease of Hf. Beta-radioactivity increases with decreasing
Au, Mo aRd Sn. The increase of both radioactivities with decreasing Ag, Ca,
Co, Cr, IVi and Zr. AIpha-radieactivity increases with illcreasing V.

             Part 2. The Distributions of Radioactivity and
                  Mode of Minerals in Granitie Bodies

   Petrographical modal analyses were made with unoriented thin sections on
the same samples used for spectrographic analyses aRd measurements of radio-
activity. Modal analyses of most of the individttal sampies are given in the
following paragraph.
(1) The mineral conte•nts obtained by modal analyses of various tyPes of graRitic
rocks and the variation of tke mineral contents within i•ndividual intrz{sions:

   Tabie 9 sltows that the differences of mineral contents for vayious graRitic
rocks are smalier than the differencGs with individual intrusiens ; for examples,
in Kitashirakawa granite the amount of quartz ranges from 26.69oi to 55.2.0o!,
but the average of that of various different types of granitic rocks raRges
from only 38.3.0o! to 32.79o!.

   The differences in mineral assemblage and radioactivity of the Kitashira-
kawa graRite intrusion shows the western part to be different from the eastern
part. The western part is abundant in quartz, but poor in poÅíash-feldspar
and mica. The eastern part is abundant iR potash-feldspar, but poor iR qttarts.
Both radioactivities of granite samples from the western part is higher thaR
those from the eastern part.
   The Tanakaml granite has uniferm minera} assemblage, but the Mikumo
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Table 9. Modal analyses of gramtlc rocks.
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granite is variable. The latter is more abundant in potash-feldspar than the
former and has lower alpha-radioactiviSy. The beta-radioactivity of the latter
is higher than that of the former.
   Rokk6 granites are divided into biotite-granite, hornblende granodiorite
and hoi-nblende bearing biotite granite.ii)
(2) The re{ationsk.ips between radioactivity and various petrograpl•i•ic parameters ;

   Potash-feidspar/plagioclase ratio (hereafter denoted by R), quarÅíz content
and colour index (defined by Shand, 1947) have all beeR considered as indices
of general petrogenetic evo].ution of granitic rocks. These petrographic par-
ameters have been plotted against alpha- and beta-radioactivities and beta-
radioactivity/alpha-radioactivity ratio (B/a') in order to give further evidence
concerning the behaviour of radioactive elements during igneous petrogeneses.
Figs. 6 to 9 show the relationships.
   Scatter diagrams of R vs. alpha- and beta-radioactivity and B/ev ratio are
shown in Figs. 6-1 to 6-3. Both beta-radioactivity and 3/a ratio show little
if any relationships to R; but both may increase slightly with increasing R,
the points being veyy scattered for each Iocality. According to J.W. White-
field, J. J. W. Rogers and J.A.S. Adarnsi2) relationships between Tlz and U, and
R fol}ow two trends; first, Tlz increases more rapidly with increasing R thaR
U does, and secondly, alpha-radioactivity increases with increasing R.
   Relationships between aipha- and beta-radioact2vities aRd B/a' ratio and
colour index are shown in Figs. 7-1 to 7-3. Alpha- and beta-radioactivities are
                                                       /'
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Fig. 6--1. Scatter diagram
 radioactivity.
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                          Some Granitic Bodies (1)

apparent}y unrelated to colour index, but $ioL ratio increase with increasiBg
colour index.
    The relationships between alpha- and beta-radioactivities aRd B/cu ratio, and
quartz content are shown in I?igs. 8-1 to 8-3. Plots of B/cu ratio vs. quartz
content shows no correiation.
   B/a ratio increases with increasing potash-feldspar, as shown in Fig. 9, but
the relationship betweeB radioactivity and potash-feldspar content is obscure.
   Tabie 9 shows the alpha-radioactivity and beta-radioactivity incyease with
an decrease ln anorthite content of plagioclase.
   In summary, mineral contents by modal analyses are very vague but appear
to have a rottgh relationship to the radioactivity and type of granite. The
difference of points in the diagram is caused partly by within-pluton variatien
and partly by sampliRg variation. Much of the scatter may be caused by
general imperfection of petrogenetic control of the uranium and thorium.
From this study of the granitic rocks representing different environments and
different types of genesis, tlte granite intrusion may contain different amounts
of thorium and uranium even though their major components may be equal,
and these differences may cause a significant amount of variation.
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Fig. 8-1. Relationship between alpha-radioactivity and quartz content.
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                            Conclusions

(1) The content differences of minerals of various differeRÅí types of granitic
rocks are smaller than those within individual intrusions.
(2) In view of mineral assemblage and radieactivity, the Kitashirakawa
granitic mass may be divided into two parts.
(2) Beta-radioactivity and Blot• ratio increase slightly with increasing R.
(4) B/cu ratio increases with increasing colour index.
(5) The relationship between radioactivity and quartz content indicates a
slight increase in radioactivity with increasing quartz content.
(6) Radioactivity increases at an increasing rate with decrease in anorthite
content of plagioc}ase.
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