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. The content of trace elements in granites of various geological ages is 
discussed on the basis of spectrochemioal and radioactivity deterrninations / 
available in literature. 

The geochemical migration of the elements on global scale, based on 

I the results obtained, is disoussed, and a theory of the gaochemical differ- 
entiation in the earth's crust is put forward. It is suggested that ar group 
of elements, consisting of Li, Be, Rb, Cs, Ba, Rare E&hs, Ta, and Pb, 

I 
oalled the granitophile elements, tends to concentrate into the outermost 
parts of the earth's crust due to a secular geochemical migration, while 
the si@rophile and the chalcophjle elements, to@her with another group 
of elements, which, acoording to the results so far available, is represented 
o d y  by yttrium, are pushed down towards the basaltic substratum. 

Aii attempt at  the geoohemical characterixation of the PFe-Cambrian 
of Xinland on the basis of the granites is presented, and a marked poorness 
in the content of many of the trace elements as.mmpared with chrono- 

I 
logioally younger granites is established. 
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INTRODUCTION. 

%AZbs fZiesst ecnd etromt, ia  innerer und äuaserer 
Bewegung, in i ~ r  mwn Pormen, in ewiger 
EmZution.* 

L. KORB: DM Weltbild der Erdgeschichte~ 
Jena 1932. p. 12. 

- . , ,  . .  . 

steg towards our present knowledge of 
the chemistry of the ewrth, gr'eatly extended during the last two or three 

: d%cades, is the establishing of the laws of distribution for a great number 
ed out mainly by V. M.,Goldschmidt and his school in 

ve pointed out .in a previous paper 
of distributiow aqi eommonly presented 

c ~ ~ ~ ~ ' o 1  the material serving 
cordingli, the samples seem mostly 

l 
have been selected in accordance with purely petrological principles, and 
no attention has been paid to their geological sktting or their geological 
age. The resulting investigations thus illugtrate very neatly the roles 
played by the various elements during the course of endogeneous and 
exogeneous differentiation. 

It is very interesting to note, howaver, that geochemical literature of 
the later years deals also with kegional geochemical problems; this, in 
addition, happening on, an increasing scale, as may be seen, e. g., from 
the papers published by Van Tongeren (1938), L~ndergren (1943), Ran- 
kama (1944), and Sahama (1945 a and b). Their scale varies from the 
dascription of a single qining field to rmk provinces, and even to geo- \ 

! r' ! graphical and geological iinits. As to the g~neral multa obtained by these 
4 :i , , . investigations, they have laid foundationi for whaft 1 should like to call . 
:i -)-- 

the applimtion of geoobemistry to geological problems. 

r.- . - When considering the 'term regional geochemistry it becomes apparent 
thtat, apart from the effeots of looal or regional f&ctors or both, the distri- 
bution of the 'various elements may be considered either frorn a geographi- ' 

cal or a geological point of view. As to the geographical distribution 
of %he elements, one may reoall the mncepts of minerogenetic or metaqo- 
genatic provirices, as expressed and developed Co a system of the hinero- 
genetio evolution of the various continents by, e. g,, Lindgren (1928). In 
this connection slso the descriptiom and calculations dealing with the 
geographical variations in the composition of-the eaxth's cru:t, aS pre- 
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sented by Clarke and Washington (1924) must be taken into account. 
~ a s c i n a t i n ~  results may be gairkd already by coupling the results of geo- 
chemistry gith geography, but for geologiet the combination of the re- 
sults of hia own soience with those of '$ebchemistrJ! may be even more inter- 
esting. 

Among the more important recent theories dealing with the chemical 
evolution of the earth's orust, 1 should like to list those of the graniti- 
zation and the origin of granibic magmas by partial re-fusion of older rocks 
set forth by Eskola - the former theory being largely extended by Ba'ck- 
lund ahd Wegmann - and that of the division of granites on the basis 
of their age during the orogenesia, as presented by Wahf. In the following 
pages 1 shall try to couple these principlets. and theories with the geochemi- 
cal evidence available of som4ftof the trace elements in granites belongiq 
to various geological eres. This .may, perhaps, be interpreted as piling 
hypothesis upon hypothesis, and, due to the scarcity of the facts avail 
able, we surely cannot expect other than a very feeble picture of the evolu- 
tion. Anyway, we shall find, sooner or later, g&chemistry developed on 
a global scale, and Mth its aid we may, perhapa, be able to trace some- 
tbing about the prdcesses leading to the evolution of the earth's crust. 
These processes eviderstly Bave originated in the very remote times of the 
formation of the primordial' ~kust  of the earth, and are found still working 
to-day. . I 

f 

l 

THE GEOCHE~~!AS' l@GRATION OF THE ELEMENTS ON 
' GLOBAL SCALE. -. . . 

The geochemical migratlion of the elements will be understood, accord~ 
ing to Fersmann (1929, p. v) as their wande-ing in the earth's crust, a 
legitirnate physiortl, chemical, and geological phenomenon. Fersmann 
further 'points o d  the irnportance of establishing the relations betwgen 
the elements and certain geologicsl epochs, fdrnishing thereby the concept 
of geochemical epochs (op. cit., p. 4). 

However it is, jn my belief, evident that the migration of the elements 
takes place not only d h g  certain prideged tim& but also during the 
whole evolution of the earths crust, from the remote beginnings up im 
the gresent day. It is also evident that the optimum conditions for the 
migration en g r a d  will coincide with the orogenic periods, ~during which 
times, due to the rising temperatures even in the outermost parts of the 
earth's crus*, ample ~ ~ ~ o r t n n i $ ~  is found for the wandering of elements. 
On the other hand, the migration &ust take place also during the inter- 
vals between the orogenies, on e mFe moderate scale, however, and in 
the deeper parts of the crust only : The latter kind of migration must be 
nscribed to processes and reactions in solid state. The migration must 
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' no)p ale0 be more paslnve in its nature; gaining no activieation from the 
9 omg&ic movements . \ 

. + t ; j  ! 

If this Irina of %he wandering of the elemene, the g e o c h e m i c a 1 
, ' m i g r a t i o n  o n  g l o b a l  s c a l , e ,  issupposedtotrckeplace,itis 

wnsidered medy , a s  a phnetaq phenomenon, independent of the geo- 
graphial or gwl~gical settinga. 

THE GEOCqEMICAL DIFFERENTIATION IN THE EARTH'S 
CRUST. 

Let us now dtisider the problems connected with a possible geochemi- 
cal daerentiation in the earth's crust upo?, the basis of a geochemial 
migration on globl scale. Acwrding to the common belief the earth's 
crust oonsista ~f en outer shell of granitic composition, under which is 

\ 
situated a baqie layer, gabbroic or basdtic in composition. This gravi- 
tative stratifiaation of the outer crust is, according to Eskola (1932 b, p. 

\ 480), probably due to processes of two different kiqd,k, uiz. crystallization 
differentiation and squeezing out of the residual' ,pmgma on the one harid, 
and differential anatexis of older rocks on the other, with subsequent 
squeezing out ,o# !he liquid. In a recent paper ~ a m b e r ~  (1945, p. 315) 
suggests that ihme exist chemicpl potentials responsible for the gravitative 
arranging of thq difterent minerals ip homogeneous spheres, and ading 
in the same a ~ c t i o n  as the gravitational force. In addition, Ramberg 
(q. cit., p. 334) pinta out that the light grsnitic fninerals are the most 
mobile ones, an&tb t  the increase in the chemical activity alongside with 
pressure is greater for light minerals than for heavy ones. This accordingly 
res<lts in a selehtion and concentration of the elemgnts of the lightest 
rninerals and *h+ir Rae upwards into the rnountain chsins during the oro- 
genesia and ths c&togenesis. 

Ramberg's thwry rnight,,piell be understood as a supplement to the 
granitiwttion th*?~ put forward by Eskola. Granitization, in Ramberg's 
belief, is m o t G  ,but a contact metasomatism of regional dimensions 
occurring arou&ri%he crystalline granitic sheU of the earth's cruut, (op. 
cit., p. 320). Ho#rertrer, the granitic ichor, so important a fliiid according 
to Sederholm 4$!!,~Eskola, in Ramberg's -egplanation ie not a separate 
liquid phase, but ioerely the mobilieed atoms of the solid solutions and 
rninerals charged with kinetic energy great enough to make them able to 
move inside and dtltside the lattice (loc. cit.). 

In my opi~<i$,.i~e above-mentioned theories presented by Eskola and 
- Ramberg, c o p w M  yith that by ,;YVahl (1936 a and b, 1943) on the di- 

vision of the p & e s  into separate, groups acprding tc, their occurrenm 
during the o~d&n&ici.is, can be applkd to and2*made' responsible for the 

.111 ... 1 

eecular imigrah95i of certain elements in granitic rocks, for which the term 
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g e o c h e m i c a l  d i f f e r e n t i a t i o n  i n  t h e  e a r t h ' s  c r u s t  
has here been specially coined. The elements in question incluae +he 
trace elements with the best-developed lithophile char~cter. 

This differentiation may bq listed as a fifth member in the series'of 
geochemical differentiations as presented by Goldschmidt (1933). To 
these differentiation and migration phenomena in the lithosphere applies 
what has been pointed out by Goldschmidt (1922, p. 25) re the ever- 
continuous differentiation proceeding untii the decreasing temperature 
temporarily stops the migration. Also in the migration in the earth's 
c m t  the exthction of the era of the heavy metals be&m&s evideit. 

In the following chapter the' evidence obtained from literoture re- 
garding the above hypothesis will be presented. Unfortunately, the number 
of investigations dealing with the distribution of the trace elements is 
still much too small. For causes presented above (on p. 5) many of 
the figures contained in mrious geochemical trqatisea are of no valu6 
whatever for the present purpose. 

EVIDENCE ABOUT THE SECULAR DIFFERENTIATION 
BROUGHT FORTH BY CERTAIN TRACE ELEmNTS. 

In the following tables the content of some trace elements in granites 
from the four corners of the world will be presented. A koiiiewhat surpris- 
ing fact will be seen from the tables, viz., that of the' iittle which is 
known about the geot!hemistry of granitic rocks, the greatest part covers - - - 
the Pre-Cambrian formations. i :. 

L i t h i u m. The greatest part of spectrographic lithia deterxninations has been 
made of Pre-Cambrian rocks. The values for granites presented in Table 1 (on p. 28) 
are based upon analyses carried out by Strock (19361, van Tongeren (1938), Lander- 
gren (1943), Wager and Mitchell (1943), and by Sahama (1946''a and b). 

If the lithia contents in the samples of Table 1 are compmd bith one another 
- which must be done with due caution and suspicion ariei~g~fiom the limited 
number of anaiyses, the differences in methods of determination apparatus, choice 
of spectnun lines, tmd even the subjective errors in the spectf8&hemicai determi- 
nstiom by various authors - thera seems, however, to be a ddingtendency inlithia 
towards the younger end of the table, in favor of our hypothesis.: The E a ~ l y  Pre- 
Cambrian leptites, representing the per,haps ddest rocks so h r  o m  to exlst are, le! 
as a group, somewhat lower in Whia than are the younger rep~esentatives of th8 
variow rock complexes in South Lapland. The Late ~re-~adbria'ir '  rapakivi granites 
of East Fennoscandia form a coherent group and cm, perhaps, be placed alongside 
the 8011th Lapland rocks as to-their lithia content. On the ~ t h e r ~ h a n d ,  an abrupt 
rise can be established in Paleozoic granites, following next jn ,Fable 1, and many 
of the Mesozoic granites from the Dutch East Indies reveai a rabher high lithium 
content, perhaps even higher and more uniform if the comp~d#hbly low sensitivity 
(0.01 % LkO) of the line used by van Tongeren be t'aken int@aaqunt. The Skaer- 
gasrd anaiysis is exoeptionai, but this rock, though chemi~aiiJT~~(.v@lranitic composi- 
tion, represents merely a residual magma of a basic intrusign, robably contami- 
nated by the gneiss couritry rock (Wager and Mitchell, 1943,'$.'ft3?$. 



. .- 
rt  may be added that Sahama (1945 a, p. 92), when discussing the lithia con- 

in South Lapland rocks, points out that the content in aciilic igneous rocks is 
on an average decidedly lower than the values presented by Strock (1936). He & -, ?-< beiieves, however, that this divergency, of a second.~ate nature, might be inter- 

,- 1 . _-. preted as a regional feature of the area in questioli. P-!$ . B e r  y l l i u m .  The contents in the following table (Table II on p. 28) are 
: '  -compiled mcording to Goldschmidt and Peteis (1932 a), Rankama (19391, Sahama . . *. , .. 
, '' .' and VahBtalo (1939), Landergren ( 1943), and by Sahama ( 1945 a and b). . -i 

i 

'7 5 .A - . ., It seems to be evident fm Table II that so far as the beryllium deteiminatioh 

4,. will allow, a quite uniform content of this element in granites throughout tha whole 
Pre-Cambrian in Fennoscandia can be established. The granites belonging to the 

?. i- Oslsdonian and Variscan orogenic cycles, on the other hand, contain decidedly. %c-:? 
h i  , greater amounts of this element. Tlnfortunately, no spectrographic beryllia determi- 
4 ' ' ..' nations in Mesozoic and younger granites have been made. 

J .ii",' , :: B o r o n. A quite sméll n&nb& of suitable boron determimtions are available 
iwmr, fm the present purpose, the figures being obtained from the papers by Goldschmidt 
. md Peters (1932 b and c), and by Sahama (1945 a and b). I n  addition, some facts 
- abotXt the distribution of this element are given by Landergren (1945). The B,O, * 

. values are listed in Table II1 (on p. 29). *... >:, 
$:l' 

Landergren (1945, pp. 22, 24) has analyzed Pre-Cambrian granites of Sweden, 
. . giving a variation in Bao, percentage of these rocks as o.oor-o.o~o, for 17 samples 

II-- . of different ages and of varying distribution. He states that the boron content of 
h --'. - these ganite; presents variatiöns, the lowest boron amoiints being contained in - - &':' the oldest Archean gneiss granites and, partly, in the Smiland panites, while a . . * 

. somewhat higher bomn content is found in some palingenic granites. As a whole, 
,,, , - $he amount of boron in Swedish granites s e a s  to be somewhat higher tlian the 

8 - 
E -' ' , average for the Variscan granites. 
:. , *  As, to the F&&h Archean granit&, the present materia1 includes only a few 
-. 

i :-. . . South Laplandrocks. A somewhat higher boron content is found in the East Fenno- 
. < 

T: ecandian rapakivi granitee, but the Paleozoic granites seem to be comparable with 
1 . - the older granite groups of South Lapland. 
L- .- -. -. . According to Sahama (op .  cit., pp. 55, 56) this element is especially concentrated 

' !:fl~ , in South Lapland in ultrabasics while the content of same in acidic mtagmatic r ~ c k s  
, , ' .  . . . .-. is quite small. Taking into account the rale played by the contamination by sedi- 

A mentogeneous or pegmatitic materia1 during the formation of the granitic magmas, 
it becomes evident that the question of the wanderings of this element during the 

1 geochemical differentiation in the lithosphere cannot as yet be definitely answered. 
., R u b i d i u m. Spectrographic rubidia determinations have been carried out 

. in a fairly large quantity of East ~ennoicandian rocks by Eriimetsä, Bahama, and 
- h u l a  (1941), and by Sahama (1945 b); other analyses are presented by Gold- 

schmidt, Bauer, and Witte (1Y34), Van Tongeren (1938), Landergren (1943), and 
by Wager and Mitchell (1943). The united results are prgeented in Table IV (on p. 29). 

Conclusions of the same kind as in respect of lithium can be m$e in rega-d to 
rsbiaium as well. The leptites and the Orijlirvi oligoclase granite, repraenting the 
older Archean rocks, compared with the younger palingenic granites of Hanko, 
Kaivola, and Hkneenkyrö, seem to be relativel3 poor in rubidia. In the Sveco- 
f e h a n  and Karelian postorogenic granitwthe riibidia contents are of the same ,. _ ' .  . * ~ b  
order of magnitude. As stated by Sahama (1946 a, p. 69), the younger granites in - .. -, 
South Lapland contain, on an average, somewhat higher amounts of rubidia than 
the gneissose granitea and the granulites; Sahama has included in his calculations 5 

ala0 some gramdioritic rocks which are Iiere neglected. As to the rapakivi rocks. 
they evideitly form a very coherent group also in regard to their rubidia content. 
There is, on an average, an enricbtnent nf ri1hiaii~m in thrsn granites also, when 



I . * ,$. 4 
- . compared with the carlier Fennoscandian granites, as stated by Sah~ma' ( l&#5 .b, 'yc 

p. M)). - Thus far ,the Pre-Uambrian. ,.' & , . 
As regards the granites belonghg to younge~ erw, the facts relating to their . . 

rubidium content are very scarce. To base any conclusions upon the fodr valua .: 
presented in Table IV would lead us to gueqiork. and is aacordingly omitted. 

C a e s i u m. The number of caesia determinations available for the present ' 7 
purpose is quite low and is £ur$shed.by pap@$a pddisshed by Gddschmidt, Bauer,.,) 
and Witte (1934), ErbnetsB, Sahama, and Kmyla (1941), and by Sahama (1946 a). '- 
~ h e  results are reproduced in Table V on p. iWa r4 i .  

In addition, note must be made of the statpment by Sahama (1946 a, p. 69) :- * 

that the whole matdial used by him for a geochemical study.'of South Lapland :-:#' - r 
proved entirely devoid of oaesium. According to Sahama ( 1945 b, p. 50) i t  might, be . - L  

possible.th;at this element is relatlvely rarer in the Finnish Archean than in thg,, 'Ik 
Variscan granites. In my belief, there is nr> reason to cloubt that this might he* -. 
o t h d s e .  However; the quantity of fmta,needed to prove the correctnees of this : " ' . 
assumption must be greater than that furnished by 'Ifable V. 9- i 

4 L '  fL - 
As to the relative amounts of Cs Ui the Finnish Archean granites, the rwks of . - 

Kalvola and Hbneenkyrö seem to occupy a special position. Tvs  might perhaps 1 

be due to the fact that they ere sesorogenic grasites, in the fommtion of w+ch dhe ' 'z( - 
juvenile component of magma may have played an +portant role. . 

S t r o n t i u m and b a P i u m. The facts coileoted from the papers publishefiy 
' 

Nol1 (19341, v. Engelhardt (19361, Van Tongeren (1938), Landergren (1943),-UTager -+ 
and Mitchell (1943), and by Sahama (1945 a and b) are presented in Table VI, p. 30. 

According to NoU (1934), atrontium is an element typical of syenitic and-&ali .. - j 
syenitjc magmas, and show8 no great variations in the intermedi.ate and aoidic mem- . 
bers of the calci-alkalic rbck series. The amount of this elernent .in Pre-Cambrian ' J 
panites and leptites of Fennoscandia seems to t e  ftlirly uniform, with occasional 8 

maxima in some exceptiond leptite type and in the Hetta ganites of loutb b p .  
land (cf. Sahama, 1945 a, p. 38). As to the younger rocks, the Varieoan bnd ~ e s i -  - - ,' 
zoic granites and the Terfiary granophyre contain, on rt9 average, somewhat larger - 
amounts of this element in favor of our hypokhesis, and the rather high oontent - - 

of strontia in the granites of the Dutch Emt Indies must be especially noted. The. . ' 
question of the ocourrence of atrontium - and bmium -- hm aroused coilsjderable 4 

. 

interest among pet.iologi~ts. AS stated by Hiilebrand and Lundell (1929, p. 649), 
the igneoiis rock8 of the Rocky Mountainregion show miich higher average per- 

-, 

centages of these metds than do the rocks of the eastern and. moIe westprnparts . 
of the Vnited 8tates. Holmes' and Harwood (1932, p. 423; 1936, p. 49) state that 
the variation in SrO is much more erratic than that of Bao, and that the frwtors 
contaolling it are stili unclear, geographical distribu'tion being, however, important . 
The rocks of East Australia .are abnormally poor in both oxides, esgeqially in SrO, 
while Che pyroxanites of India are conspicuously rich in 8 x 0 .  It mwf be,taken into 
consideration, however, that these authors pay no special attention to the granites, 
merely dealing with $he saparate rqrea8 as petrologiccll units. 

Seeing that all chernical strontia determinations cannot claim a high accurany 
for reasons referred to by Ndl (1934, p. 6121, swh  values auailable of some Pre- 
Cambrian granites of South and' East F in lad  will not be oonsulted here. If the 
theory of the origin of granitic magmas by a partbl re-fnsion is adopted, the fairly 

. uniform strontia content in the l?innish.Arcbasn.granites way be explained as a 
result of the considerabbe dhdochic replacement of Ca by Sr' in minerai lattices, 
in virtue whereof the greatest part of this element will be retained in the insduble 
residue after the squeezipg out of the qanitic liquor rich in potaesium. \ 

Barium, on the other hmd, seems to be present in the rocks of South Lapj4nd 
in higher amount than in the Swedish .leptites, brit the average amounts & . h e  
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. r,,~-* 
a~ fairly uniform. Strong enr ichent  can, in addition, be estabbhed in the - 

, as stated by S a h m a  (1945 b, p. 49), and the Paleoaoic and Meso- . - 
1 as the Tertisry granophyre are generally further enriohed in -A. : 
facts again seem to. be in favdr of our hypothesis. - 

R s d i u  m. A relatively large ntnnber of radium determiiiations in granites 
i' have been praaented in literature. 'The investigatione may be divided into two 

. . 
r - o ~ u ~ ~ l o g i c a l  groups, the first of which includes the ea+l.ier works by Joly (1912), 
Smeeth and Watson (1918), Poole (IBo), and by Poole and Joly (1924), while the 
,more recent papers by Piggot (1931,'1938) form the second group. As to the results 
.presented in fhese pa ers, they seem 'to be very inconsistent. The radium contents 

be listed in Ta If % VQ on pp. 31-32: 
,;" Consider now the H C ~  contents listied in Table VII . I t  is evident that QO general 
:., eonclusions can be drawn from &he Ra values, due to their great inoonsistency. In 
, , $he Finnish Pre-Cambrian granites the values presented by Poole and Joly, when 

,~:foompared with the recent values by Kg@, a p p w  to be much too high, The Poole 
.ml& Joky values from th5 Lewisian complex of Ngrth Scotland and those preraented 
,>by Smeeth and Watson of the Mysore rocks of India might, Iiowever, be better . , 7 c 

'oom$arabldwith the Fennoscandian values. No greelt differepces can be established sn --. . 
1 betreen the granites balonging to the pe-Cambrian oru&enesns on the one hand, 
:- ,and those of Variscan and Alpidic mmntain cycle on the other. 

To compare the various granitee more intimately with one another, it is very 
-. difficult'to establish any differences in the Ra content of the Sveco-Fennian p r h -  :#: o&genic and serorogenic granites in Finland. Tn the primorogenic granites the - . - - .;. ! - i radium content seems to be quite Zow, but the amoiint of t6is element in the seroro- , , =. - . . .' - genic granihs of the second granite group in Sederholm's clasSification,is evidently F,~, ;.. ,: 

yt much higher, if some rocke with what seems to be an  addition of juvenile ' t 

materia1 are left out of cohideration, i E . ,  the granites of Kumlioge (aith r biotite 7 '1 
high in ICs; of. Piggot, 1938, p. 228), Lsvia, and Kuru. Also the TranBs granite in 
Sweden shows an abnormally &gh radium content, as pointed out by h r t h  (1938, 
p. 244). The p3storogenic granites of South' Finland .( Ava, Obb-, Onas) seem 

* Qo be fairly cpherent in their radium conteht and it may be of a certain interest to 
' y r  ..:.', note that the Ra ~ontent  in the Port Manvers rstrawberry granite* of Labrador, ,. 8.1 - . - which, acoording to Kranck (1939, p. 231, closely resembles the Obbn* and Onas 
8.' r '  . 

. ) rocsks, is of the same o~de r  of magnitude as well. As to t-he radium content of the 
1; - >lrap&ivi rooks, the recent determinations show percentages decidedly lower than 
-i 

i " i the older on=, thus undermining the belief that they are among the most strongly 
1 "  cadioe~tive rpcks. Gccordir@y, the uiews presented by Becklund (1938, p. 394) ' 

' .  
, -. &g to  +he origin of these rocks seem largely to be deprived of their point. 
i ;  ' 1 -  According to the results presented by Poole and Joly (op. c$.) the radium con- 
i .<  - 

tent in the Lswisian granites and orthogneisses rnight be quite stable. l n  the granitic . 
. rocks of the KMar Gold Field in Mysor- Indis, there seem to he also some chrono- 

, ' logical diiferences in th6 Ra content, but in these detaih the interested reader is ' - ' referred f o the original paper by Smeeth and Watson (1918). 
The high Ra content in  the Stone Mountain and North Jay granites of the V. S. 

is, according to Figgot, due to the presence of radioactive minerals. 
, On the whole, there do not seem to be too great differenceg in the radium con- 
tent of granites of different ages. Tliis may, perhaps, be explained by takinginto 
+ccount the addition of materia1 brought up by juvenile magmas. Thus the amount 
of radium originally present in a PreUCambrian primorogenie ganite m d  &lmoist 
extirict in the course of time may gain a substantial increase by the introduction 

'; of juvenile rnagmas 'during the subaequent period of mounóain folding and, mcord. 
ingly; may to-day come xtp to the radium contFpt of a Mesoeoic or younger granite, 
&i%d as a prodiict of crystallization differentiationfrom a big magma basin. 



detemimtions of the stbove elements, suggested,for use as Index-or P$t ~<m&ts  
in the geochemical claesification of the Pre-Cambrian granites of Finland by Sahama 
and RiLnkama (1938), have been carried out in rather large niimber by van Ton- 
geren (1938), S a h a a  and V&hatalo (1939), by Sahama (1936, 1946 a and b); a few 
me presented by Goldschmidt, ~ a u ~ t m t m n ,  and Peters (1933). The percentages 
will be given in Table VIII on pp. 33-36. Except for Sc and Y, which are found 
most stbundantly in basic igneous rocks, this table contaim the vaines only for b. 
Ce, and Bid, the most common of the rare earth elements in rocks. ' 

There seem to be no substantial differences in the Sc contcnt of the granites . 
belonging to the different orogenic cycles, nor is this element impoverished in geolo- 
gically young granites, by which phenomena the present hypothesis would be . 
supported. Seeing that mmdium favors basio magmas entering the mineral latticea 
as S C ~ + ,  replming Mg2+ (cf. Goldschmidt, 1937 a, p. 34), the amounts of this 
elemcnt mobilized during the anatexis from the ferromagnesian minerals to the 
palingenic granites must be quite negligible. 

In regard to yttrium, this element in South Lapland rocks according to Sahama 
(1946 a, p. 52) favors the basic igneous rocks, as does also scandium. As may be 
seen from the figures presented by the said author dop. cit . ,  p. 51), the yttrium 
content in the older gn6ksose granites and granite gneieses as well as in the granul. 
ites of Lapland is, on an average, considerably higher than in the younger granites. , 

On the other hand, the figures for the Sveco-Fennian granites in South Finlaqd 
presbnt the contrary case. I t  must, however, be taken into account that these gran- 
ites were explici$ly chosen for analysis as comparatively rich in the Rare Earths. 
AcOordingly, there seem 6 be no striking differences in the yttrium content of the 
Finnish Pre-Cambrian granites. 

n v 
,:-; 1 ,: Compared with'the Pce-Cambrian granite~j, the Variscan granites seem tg be 
, 1'-8ecidedly impoverished in yttria. As to the Mesozoic granites of the Dutch East 
1' Indies, there seems, a t  least, to be a tendency towards impoverishmeiit in yttria. ' 

1 7- more marked in the Sumatra and the New Guinea granites. The Y,O, average ir 
. the Dutch East Indies, calculated on the basis of the values set forth in Table VIII --. - is 0.0035 %. However, it is evident that the samples include grhnites exceptionall~ 
-9 -., rich in yttria, as m%y also be eeen from the geperal lanthanide compoeition of the - rock samples investigated, and accordingly the above value might well repreeent 
(4 the maximum average. 

Leaving aside the exceptionally high content of the Rare Earths p~o$r i i  the 
andyzed Archean granites of South Finland, it seems to be evident that thg gran- 
ites richest in Rare Earths can usually be found among the youngest granites, 
although ctlso the older ones may sometimes contain appreciable ampunts of these 
dements, as has been stated already by Sahama and Rankama (1938). -As to the 
fluctuations in the Rare Earth content in South Lapland granites, the analyees of 
the standard mixtures carried out by Sahama (1946 a, pp. 38, 39) give the following 
results, expressed in percentage: 

- 8  . 
L%O, CeO, N ~ , o ~  . ' ;~-i 'F  ,h 

Gneissose grenites and granite gneisses . . 0.003 0.006 0.003 
....................... Hetta granites 0.006 0.006 0.00: 

Young granites ......................... 0.00 8 0.0 1 0.01 

, 
It thus bebomes evident that there exists a rising tendency in the contmt of 

the lanthanides from the older towards the younger granites. This tendency, how- 
ever, oan only be very poorly discerned according to the only too few lanalyses pe- 
sented in Table VIXI. 

$1 ' 2 ,  \ ,  r;: - I  1 - '.* - .. 
, -% .q.-.i.!n --.- , 1 ' -  . .  - 

i2- 
h ,  * 
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the U t e  Pre-Cambrian rapakivi granites the Rare Earths are very conspi- 
' 

4 ~qously enricbd when compared with the older Pre-Ctznbrian panites. As stated 
1 + J -  

- 
by Sahame (1946 b, pp. 47, 48), the cme aa regards the youngest Arohem grsnites 

- does mt 8min to be quite clear, but the rapakivi granites are, in any case, relatively 
1 Y 7-. ,3,, rich in these elements. 

. No faots are thus far available on thu lanthanide oomposition of ~aleoziic granites. 

-%'- The cobxparison of the Asohean' grsnites of Finland with the Mesozoic gfanites 
FL ; . af the DuDutch East Indies is g rea t l~  restricted by the exception&l nat~we of mrtny 
! : % d  ~sxnpl-~. -9 the former. When th& aver*e percentagea of the latter, vjz. 7 :-- 5," = .  .............................. . .. La,O, - >.- ; - 0.0035 % .............................. k Ce,O, 0.0045 
+!- :;-% ..i;, . - Kd,O, .............................. 0.003 
.!-Fk.- - - 
7 :+, . . , 

' - me oampared with the South Laplmd averagee, they would quite nearly represent 
the values for goeisiose granites and granite gneirses. On the ahole, we must con- 

6 dude. that the Dntch East Indian granites would seem to be what can be terrned 
' rocks remarkably poar in the Rare Earths; Sumatra, New Guinea, and many of the l -  . -. 

' ' laser isbnds furnishing the biggest number of samples leading us to this conclusion. 
4 - 
7 Z i r.c o n.i u m. The ZrO, peroentages presented in Table IX (p. 35) are furnished 

by van Tongeren (1938), Wager and Mitchell (1943), and by Sahama (1945 a and b). 
l.JC 

;> ' & order to obtain values more corbparable with one another, only percentages 
- determined by the aid of spectrographic methods have been included in t-s table. 'L : 
. . 

' I  ' Based on these values the folrowing conclusions can be drawn. 
km.: , , . The distribution of zirconium in the ganites of South Lapland seems to be quite - t 

:- uniform. According to Sahamti, (1945 a, pp. 38, 40) the Hetta granites, on an aver- . . L e . +  ._ 
*$? age, contain somewhat less ZrO, than the othor granites. However, thi difference .-- , -:J - - 

n :< 
does not 8eem to be too well-developëd. The zirconium cont8nts. ~f the rapakivi -.: >I 

-- .. granites are deoidedly higher, but the Mesozoic granites of the Dutch East Indies -- - 
, seem to be well comparable with the Pre-Cambrian granites of South Lapland. No ., :' 
I support for the present hypothesis can thus be obtained by the aid of the xirconia con- 
, > tent, but we might, perhaps, take into wcount also the fact that zirconiumie, an 
: ' element more typical of ayonitic residual magmas thanlof granitic on-, and that 

' ' the minerd ziraon, being insoluble and highly refractive, will forward only nqgligble . 
mounts of zirconia to palingenic mitgmas produodd by differential anatexis. 

H a f  n i u m .  Only a single hafnium debrmination, suitabl? for the preeent 
mrpose, has been thus far published, u2z. that by Sahama (1945 b)  of the hafnium 
!ontent in E w t  Fennosoandirtn Rapakivi Standard Mixture. 

T h o r i u m. D3terminations of this element in granitee have been carried out 
n rather large-number by Joly (1912) and by Poole and Joly (1924). They have 

been carried ou%'by the iise of methods based upon radiowtivity measurement. In 
addition, determinfttions based upon Chemical pre-enrichment with ct subeequent 
X ray spectrographic analysis are presented by W a m a  and Viihiitalo (1939) and 
Sahama (1945). A single spectrographic determination has been giv~n' Ey Wager 
and Mitchell (1943). The thorium figures available will be quoted in Table X 
(pp. 35-36). 

The thorium determinations of Table X might, however, be looked upon with a 
certrtin reserve. As to the values arrived at, by radioaotivity met,hods, no recent 
determinations by which the reliability of the older ones could be estimated lie at 
hand. On the other hand, it does not seem to be quite clear whether the X ray 
determinations will stand e critical exqination, if the poesible contamination of 
pl&um, vessels by thorium is considered as a potential source of error, due to the 
same causes as contamination by radium. Wowever,- with these factors urging to 
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1 
caution in mind, we may nevertheless statc, that the Pre-Cambrian granites of Fin- 

. land, save for occaaional exceptiom, are lower in fhorium than the rapakivi ro&, 
but that the Lewisian of Scotland shows, pwhaps, a s+ill lower ehorium content, 
its average being 0.00126 p. ct. ThO,, as calculated from the analpes. Compared 
with the Lewisian average, the Alpine gneisslo granites would seem to be a little 
higher in thoria. 

V a n s d i u m. Th6 materia1 for thc foUo18iug Table XI, on p. 36, is furnished 
by the investigations carried out by van Toageren (1938), R&a.rna (19391, 
Landergren (1943), Wager and Mitchdl ( 194'3j; ' and by Saharna, (1945 a and b). 

The V,O, averages given by Sahama (1946 ib, p. 39) for Che~hree granite grouph 
of South Lapland me identical (0.003 %). Compared wah'one another, whish, 
owing to the irregularities in the iatenaity of the V line 4379.24 pointed 0 i t t . b ~  
Kvalheim (1941), must be done 6 t h  due caution in some cases, no well-marked 
differences in the wmdium content of the h c h m  granites became vieible. The 
high V content of a leptite from GrhngesbergsfalCet ia clearly exceptional and might 
be attributed to the hematite content of the rock in question. No concentration 
of v-um in the Late Pre-Cambrian rapakitri' granites can be establisheq but 
the Mesomic granites of the Dutch Eswt IndiBs doiild seem to carry a somewhat 
higher amount of this element. 

As in the case of Sc and Y, d.a must aiso here remember that vanadiqm is not 
ohtw~cteristic of granitia r o o d  but oacurs espeoially enriahed in the more baak , 
rocks of gabbroic composition. / ' 

N i o h i u m ( C  o 1 u m E i u m). The niobium determinations avsilabls in respect 
of granit06 are limited strictly to the Pre-Cambrian. The figures, reprodticed in 
Table XII  (on p. 37), are based upon the results piiblished Ly ~ a n k w a  (1941) 
and S&hrama (1945 b). 

The figures preaented in Table XII, due to their scarceneEs, allow of but one 
conclusion, urbich ~ ~ C W X I ~  to point to a quitp regular occurrence of this element in 
the Pre-Cambrian granites of E&st Pemoacandia. 

T a n t a l ii m. Aa in the case of niobium, ala0 the tantalum determinations 
amilable k v e  been made excluaively of Pre-Cambriam granites. The percentsges 
will be given in Table XIII, p. 37, and they are reproduced from Rankama (1941 
and 1944). and Sahama (1946 b). 

1 have shown in an earlier paper (Radama 1944, p. 69) that in the granites 
belonging to the Sveco-Fenriian rnountain cycle of South Finland. the t a n t d m ,  
content increacles with decreasbg, geol~gical age. For further details of theee de- 
duotions, largely based upon.the rise .of the maximum poseible contenii of tantalum 
in the rock samplea, the interested mader is referred to the original p q r  mentioned 
above. In  Table XIII two sergrogenic granitee are remarkable for their high tan- 
talum content, viz. the miorooline granite from Tammela and the poipsiyritic&nite 
from Kank-pBa. In  t b s e  an addition of juvenile material on a larger scale than 
usual might well be suggested. 

The rapakivi granites, acoordmg also to their tantalum content, form a coherent 
group, independent of the. older Pre-Cambrian granites, @6 is shown both their 
geological ocourrence and their petrologioal properties. 

' C h r o m i u m. The material for Table XIV, on pp. 37-38, is fur'nisbed by 
the following investigations: van Tongeren (1938), Rankama (1939), Wager and 
Mitchell (1943), and by Sahama (1946 a and b). 

The first impression obtained from Table XIV is that of a uniiterady low .chro- 
miiun oontent in granites d various agm. Exoepting the granulites, whioh show a 
mnaiderably higher content of fhis element, its amou~tg in lep t iF ,  'Archeen and 
rapakivi granites, and in the Masozoic gfanites eeem to be quite weW compardbia 
with one another. The possible reaaon for this beh~vior may be found in a state- 
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ment by Goldscbmidt (1937 b, $. 662), according to which chromiumis not charmter- 
istic of residual magmaa, but is strongly concentrated in the early differentiates 
órjstdlizing out of e magma. Anomdhgly, this element seems to be of little value 
for the present purpose. , 

M o 1 y b d e h u m, t u n g s t e it. Nothing p~si t ive~is  known about the amounts 

C o b a 1 t and n i o k e 1. -Th4 percentages of these elements in gr&es will be 

I sented in Table XV (onp. 38). .The values are grioted from papers published by 
geren (1938), Rankama (1939), Landergren (1943), and Sahama, (1945 a and b). 

out, of the question. 

l 

ences between the Pre-Cambrian end younger granites as to their galiium con--=' ' 
+ ,- , 

tent. Taking into account the enrichment of @ium not only in granites but alsot-? : -. '2' 
in acidic plagioclaae rocks and nepheline-bwing rocke, as stated by Goldschmidtt: L/Y . n ;;> ---h 

and Pe%ers (1931), we may say that the role played by this element during the geoi; >Li,-:{ -: - - . 
ohedical differentiation in the earth's mt canndt be definitely deciphered. ;:- - , . i_-_. 

G e r m a n i u m. The germanium values for certam granites frcm the papsI$ ' ' 
by Goldschmidt and Peters (1933), Ranknma f.1939), an&Sahama (1945 b) are pre- #'#; 

,-• sented in Table XVII on p. 39. # _  - . -- 
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evident that the highest lead cointents are shown b> the youngest Archeangranites 
of South Lapland. In tho Latte Pre-Cambrian rapakivi eanites the lead content 
is still higher (oj. Sahama, 1945 b, p. 61), while the Meso~oic granites are compar- 
8blc with the youngest South Lapland granites (average 0.003 % PbO). 

GLOBAL GRnC!MISTRY AND THE EVOLUTION O F  THE 
- EARTR'S CRG$T. 'T '.c - - 

Lookil~g back to Tables 1-XVIIIipresented in the previous chapter 
and to the discussions connected therewith, there seems to appear a tendi 
eney towards a certain number of elements, peculiar to granites, occurring 
in these mcks in amounts increasing with the decrease of the gdological 
age of the rock. These elements would include the following: Li, Be, Rb, 
Cs, Ba. Rare Earths, Ta, &nd Pb, the evidence for the lait threa being, 
however, restricted exclusively to Pre-Cambrian ganites. There seems 
also to be some evidence indicating the occurrence of some elemerts in 
-ever-decreasing amounts towards the geologically younger granites, the ' 
only representative thus far proved to be.of this group being yttrium. 
It is evident that just the above elements will best serve a s  Pilot Elements 
the purposes of a geochemical clssification of granites, connected with 
the determination of the absolute or relative geological ages of these rocks. 

The secular migration of the elements. mentioned above (op p: 7) 
- 

as the pbssible cause of the variation in the amounts of some trace ele- 
ments present in granitic rocks, is supported by the migratim history of 
the above elements. Accordingly, 1 feel myself entitled to piit forward, 
in the following, a more detailed description of the theory of the geo- 
chemical differentiation in the earth's crust. 

The formation of .the first crust of the earth can be pictured as-a re- 
versible process, including numerous pha.ses of re-melting of the aolidified 
parts of the solid crust thus far formed. Here e~ident~ly the last phases 
of the first geochemical differentiation were mixed with the first ones of' 
the second differentiation, to use Goldschmidt's (1933) terms for these 
processes. Granitic magmas with relatively low specific gravity then 
began their slow rise towards the uppermost parts of the criist, this process 

, continuing through the geological eras. 
No traces hsve ever been found of the initial consolidation crust UI 

the earth. The Early Pre-Cambrian, leptites, belonging to the oldest 
Archean periods, alread; represent a rather high degree of differentiation. 
Their original make-up as tuffs and lavas, as claimed by'various Swdish 
geologiats, would render necessary that they should he regarded as lhte 
stages of residual cbstallization. As stated by Eskola (1932 a, pp. 69, 70), 
t.heir chemical character would presuppose the existence of granites or 
granite gneisses, sittuated next before the leptites in the differentiation 
sexies and nowadays, perhaps, expo&d as the vast granite gneiss areas 
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of West Sweden and East Karelia. A general'picture of the conditions 
during remote'hchean times includes a crust largely built up of leptites, 
with huge granitic magma masses underlying the crust at a rather shallow 
depth, this magma being generated by partial re-fusion of leptitic materials. 
The solid crust has increased in thickness by extrusions of the crystdlking 
granitic magma . 

By the above considerations set forth by Eskola, we might be able to 
picture the first consolidation crust of the earth as one of granitic compo- 1 sition, according to l$skola's leading principle: rAus einem Cemisch von 
Flussigkeit und Krista11 steigt die leichtere Phase aufwarts)) (1936, p. 64). 

By the formation and decay of the first granitic crust of the earth 
also the processes of the fifth geochemical differentiation have commenced. 
In the following; we shall consider the phenomena cgnnected with this 
differentiation during a q  Archean revolution period, say, the Sveco-Fennide - ,, - , - . ,  
orogenesis . 

According to Wahl (1936 a and b, 1943) the story of the granites 
connected with any mount.ain chain can be told in the following way: 
The firRt group of these rocks, called primorogenic granites, has been intro- 
duced as intrusive masses into the overlying sediment beds and older 
magmatic rocks. Petrologically these granites mostiy have a granodior- 

- itic character, the features of gneissose granites being added to them dur- 
ing the later stages of the orogenic cycle. The second group, the seroro- 
genic granites, comprises rocks with a decidedly pegmatitic character, 
which mostly are microcline granites, rich in potash, and approaching a resid- 
ual granitic magma in composition. The latter granibes, formed through 
palingenesis of older rocks, induding primorogenic granites, take an active 

I - part in the formation of migmatites. The postorogenic granites, which 
form a third group, have been intruded after the period of revolution as 
granite magmas now present as more independent massifs. 

If  the theory of granitization, set forth by Eskola (1932 b, 1933) is 
applied to the formation of the serorogeiiic granims, the general tendency 
during the re-melting will work towards enrichment of high-melting or 
poorly soluble minerals in the residue, wMe the low-melting constituents 
are the first ones to re-fuse, viz. potash feldspar and sodic plagioclase, 
the micas, at  least partly, and quartz. It is highly interesting to note 
that according to the opinion of Ramberg (1944, p. 108) just these mine- 
rals (>>potash feldspar, quartz, albite, and perhaps some minerals rich in 
Fe in relation to Mgo) are furnished with the highest chemical sctivities, 
and accordingly are able to migrate long distances. Ramberg has arrived 
at  this important result by the use of thermodynamic principles. 

It has been especially pointed out by Eskola that crystallization and 
re-fusion are reversible phenomena, provided that the melt once formed 

. is not removed (1932 b, p. 473). Water and theotber agents vninéralisateurs 1'-'' - - - - 

evidently needed in large amounts for the forrnation of the comparatively , -*,:, . 



liquid serorogenic granite 'magmas of pegmatitic character have, accor- 
to Wahl (1943, p: 214), been collected from the materia1 undergoing re- 
fusion and from the emanations from the subjacent magmas. Accordingly, 
solution phenomena will occur simultaneously with the re-melting. 

The granitization theory introduced by Eskola involves a possible mode ' 
of origin of granitic magmas by differential anatexis and effedive squeez- 
ing out of all silicate rocks containing the potential components of a 
granite, accordingly also of the rocks formed on the earth's surface. 1 
have discussed in a previaus paper (Rankama, 1944, pp. 69-72) the 
possibility that the younger Pre-Cambrian granites could originate from 
the older ones by processes of re-fusion. Evidence obtained mainly by 
the aid of some chemical features of Finnish Archean granites, including 
the use of a couple of trace elements as geological indicators, pointed to 
a possible successive series of re-meltings, starting with the primorogenic 
and ending in the postorogenic Archean granites l with the idea in mind 

' 8  % ! 
that a granitic magma formed by re-fusion might most easily and natu- - -  
rally be derivbd from the granites themselves. The resultiqg anatectic :{ 

C 

granites 1 portrayed as highly potassic in composition, with, perhaps, a : 
little more silica than their predecessors, and with a decisive impoverish- 
ment in iron, magnesia, and lime, when compared with their mother gran- -- 
ites, illustration of these features being sought among the granites of t+e h ,  
Svem-Fennide orogenesis. As to their minor elements, 1 have suggested :! 
that a relative concentration of those found to be present in  the re-fusible " I 

minerals of the mother rocks ringht well be expeded in the anatectic 
granites. 

With the views presented on the above pages in mind it might now 
be possible to generalize the picture obtained from ' the Sveco-Fennidc 
orogeny in a larger way. 

During the processes of mou~itain folding in the outer silicate sheli 
of the earth, the phenomena acting in  the vertical direction evidently incliide 
a selZ-repeating ever-recurring granitization. With the formation of the 
first mountain chein on the earth the granite masses have begun to rise 
and the products from the decomposition and decay of the first moun 
tains have been folded into the depths where the elevated temperature 
effected the formation of intergranular palingenic granitic magma. Mobil- -, 
ized by the orogenic movements, this m g m a  tends to riae into the upper- - .4 

- c most p&s of the crust, on its way metasomatically altering the overk,,:: - 4.. - s 
1 A sirnilar concliiaion, baaed on similar principles and suggestions, haa been - 

presented by Holm& (1926) in a paper which, due to War-time conaitions, haa not 
previously been available to  me. Holmesy results may, however, be considered as 
purely fortuitous seeing that he uses the average chemical compositions for the 
different granit0 groups in Finland, including the rapakivi granites, as expresaed 
by Sederholm (1926, p. 4) who does not divide the granites of the various orogenic 

-m~-~: !;, cycles into separate groups. 
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/ 
lyhg rocks. The orogenic movements rnay also have opened the way 
from some large crystallizing magma chamber, by which adion the last 
panitic residual magmas contained therein have the chance of a juvenile - - . , - n - : ,  

rejvvenation ,of tbe palingenic magma. These processes, including the r; -: 1 . -  - - 
slow chemicd ones aiming at  the attainment of complete thermodynamic ?.{ r' : . .. 
equilibrium during the devdopment of the crust, uiz.-disperaion, migration, :,:; ;> - m  , 
rand consolidation, according to Ramberg (1944, p. l l l ) ,  are thought to ~ ~ 1 ;  - - m r : : ~  

L.-'c: be reproduced during the whole orogenic history of the earth, and it might .+ + 1' -)L 
-+- ..-'!,- 

thus become evident that the intrusion of granites upon granites, whether r:,!,~~ .,'#'-'- 

truly m&gmatic or palingenic, will. greatly idd  to the dcidic character of -2' ,7  , , - -  -. r+yl-.. -x- 

the outermost layers of the silicate shell of the earth. As a matter of fact, 1;;: Y+.~,/ ,  : 
granites and granodiorites are found to constitute 95 per cent of all known 213+:n, c .  ' 
areas consisting of intrusive rocks. -.*-*. , :, L + 

1 
n %jiC :;. 1 

As to the role &ayed by the trace elements listed above (on p. 16) ! <>-. , . - 

during such a process of global scale, the first group, cqnsisting of the - :..?%. ,. - --* 

- J 7 i  
elements Li, Be, Rb, Cs, Ba, Rare Ea.xths, Ta, and Pb, is extremely . ; :-:,-.- . , 8 r ' L . - 7 .  
characteristic of granitic magmas, and pegmatitic or hydrothermal residual <.&-<, - 

1; ' # .  

liquors., During differentigl re-fusion of older rocks these elements, if ' ', i,JL- ; 
'4  L n  present, evidently would tend to mncentrate into the anatectic magmas c1!.'iTr : . 

containing the constituents of the low-melting and easily soluble minerals 2 =, . - 
of the parent rock entering their lattices owing to the diadochic replace- - - 7  l. . 

\ -  

, ment. Assuming the parent rock to be granitic, it would already in the .-5 : b ( p  - ; . 
;iLb ;- L . 8 beginning contain considerable amounts of these eledents, as has been ,:--- . - - 

shown by the mineralogical geochemistry of the same for whieh, as a group, i.--_f I'-. 1 . 
.' .r -d ' - 

the term g r a n i t o p h i l e  e l e m d n t s  may be coined. Thus the - r,-r '  - L -' ' 
anatedic rock would be considerably richer in these elements. By a, I:J ;; :; _! 9, .' 
cdntinuous seriea of snch reactions an enrichment of these elements, carried , l % "- . ' # , _  z3 
out by Nature herself, will be effected in the outermost parta of the litho- '.1~2' ,;,# 44 ---#:., ' " 
sphere during the march of geological time. -i I. , . 

:< - 8 r j -  15 n 
rn 2 - .. .=.:- - -- ,. On the other hand, the presence of another group af trace elements #,, A. . , ym<;.L'. - 

may be suggested, all of which show a marked tendency towards seciilar - .- - , 
. V-;),.~ 2 

- 
impoverishment in the outermost parta d the lithosphere.+ The~e elements, . "  -.,: : : : 

, b . , - : l  >- true shunners of the granites, may be called g r a n i t o p h o b e, and 
- ' 

.* - - r  

l y ' - l -  they are represented, until the presence of others can be established, only 1 j T ~ .  1 12-! 
n ' r 1  d-- ?-- 

* by yttrium. The behavior of t h  element during anatexis can be ex- 
-<  - cL-=-: 

L. 

'! rJ.- -. phined by the easy diadochic keplacement of calcium by yttrium, a i  strtted '; . .-- ' . . 
by Sahamta (1946 a, p. 62), in virtue of which property this element will - - >? #:;> ':, ' 

be relatively mncentrated in the residue after differential re-fuaion, seeing - .  ''=. ' ' --' 
&--jL.i:, 7 

that the soda-rich member~ of the plagioclase series will be present in - .  . j i; \ .:<, , 
7 II 

the anatectic magma. .The group of &anitophobe elements would include - r ,  J* 1- .. - 
- - all the siderophue end chalmphile ones, separated into the irqer spheres -;> :,- :--- w: - , 

of the earth ip the primordial h t  geochemical differentiation. I J  - 
-- IIL I I  . .. -.. 

The division of the ipeous maases into those of juvenile and p h -  :-.: * ' - ~ - r  
:- r:l;-'5 , k~1-T '*nic origin, as prmented by Eskola (1982 b, -p. 4781, might be recalled .: : .>, .- 
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here; the masses genetically connected with large ~1-e bodier or s h a  
massea at  their contact can be suspected to be mainly juveriile, while . 
sterile masses are rather of pahgenic origia. I 

The application of Pegional geochemistry to global sv le  will thus lead 
us to the assumption of a continuous migration in the out&rmost parts 
of the lithmphere, causing the secular increase in the amounts of some 
compeunds, decrease in others, with a tendency towards pushing the 
chalcophile and siderophile elements back to ,the basic substratum, distill- 
ing and sublimating the granitophile ions into the grarit& crust of the 

Fi:.. 
-fik: 
, !Zz 
LI- 
Y. 
- +; 

earth, until a Emit is set by the proceeding refrigeration of the earth. 
This is the f i f t h  g e o o h e m i o a l  d i f f e r e n t i a t i o n .  

The above considerations are based solely upon the assumption that 
there exist chemical forces causing a secular enrichment of granitophile , 
elements in the outermost granitic layers of the earth's crust and driving 
th'e granitophobe elements back to their more proper environments, the 
subjacent basaltic layer, Thus, it has been assumed that the primary 
diutribution of these elements in the outer parts of the crust has been 
uniform in all parts of the globe. It might be possible, on the other hand, 
that a primordial differentiation has taken place, causing primary diffe- 
rences in the content of the elements in the earth's crust.' h a present . 
day instance, the abundance of uranium and radium in some parts of 
the Pre-Cambrian of Canada, compared with the quite rare occwence . 
of these elements in the similarly Pre-Cambrian granites of Finland may 
be quoted. We shall submit these views to a closer consideration. 

A poslgible explawtion of this difference can, perhaps, be wught in 
the zonal theory of arrangement of metals in ore deposits. It might be 
possible that the different Archean terrains represent sections of different 
depths with subuequent differences in their rninor element composition. 
However, as stated by Lindgren (1928, p. 139), the sana1 theory upon 
elose examination seems to be a rather weak strudure. 

Perhaps a more generally accepta?ble explanation for the above discre- 
pancy may be found in regional geoche 'cal differenc~s in the content of 
the trace elements in the earth1s',erust., F here are numerous examples of 
element associations characteristic af certain chemical elements in certain 
geographical zones; termed mineroge~tetic and metdogenetic provinces 
and regions, or, aocording to Fersmann (1929, p. 6), geochemical provinces. 
The chronological. oonnection of the element assodations. with - certdin 
sequences of geological happnings lleads to the concept of metallogenetic 
or geochefriicacl epochs of the earth-lore. 

.However, the primary difierences in the content of certain elements, 
pronounced aB they rnay have been, will most cerhinly tend ta .decline 
during geological time, if the theory of the seoular rnigration of the elements 
is. adopted. That this process 80 far has not resulted in an even &vision 
of the elements may be seen, e. g., in the dis-ibution of the Rare Earths 
in the Dutch East Indisn granites (cf. Table VIII on p. 33). , 



-. - GEOCHEMICAL CHARACTER OF THE PRE-CA~RIAN IN 
- FINLAND AS ILLUSTRATED B P  ITS GRANITES. 

, '-J - 
b n  , . 
I I  , It is a common belief among Pre-Cambrian geologists that there exists '. a sharp contrast between the Pre-Cambrian phenomena and later igneous 
, activity, distinguishing the terrains belonging to these eras from Paleozoic 
i: and later rocks. No mutual understanding has been thus far reached in - . _ . - - regard to the fundamental differences. It has been suggeuted by Daly 

' 
(1933, p. 423) that igneous activity during Archean times would have 

- takeri forms peculiarly its own with, according to Alling (1936, p. 254), 

? gradationel ciatnges during later tiines, seeing that the evolution of the 3: - earth is characterized by great differences peculiar to various g~ological 
w-  

? epochs. p< - T:%- ' Leaving aside the discussion of the origin of the Archean and lrtter 
granites, we may dired 6ur attention to the question of the special geo- 
chemical character of the Pre-Cambrian. As has been stated by Fersmann 

' = (1929, p. 16), certain independent areas may be recognized in the earth's 
crust, characterized by definite physical and chemical processes resulting 

#+ ,'# 
in a given complex of chemical eiements, called by Fersmann the natyral 

+ geochemical combination of elements. The comparison of such associa- 
r<qT tions is considered by the said author as being of high importance in the . geochemical investigation of the earth's crust, and Fennoscandia is given k- as one of the examples af areas in question. 
-' - As is well-kwwn, one of the most conspicuous petrological features of kl- the Pre-Cambrian terrains is the large areal extension of granites, per- 

ceptible ad oculi8, more than nine-tenths of the area of the worId's gran- 
ites and orthogneisses belonging ta the Pre-Cambrian. Accordingly, t h e 
g e o c h e m i s t r y  o f  t h e  P r e - C a m b r i a n  i s  ' l a r g e l y  ' i r  A *!,'. G 
i d e n t i c a l  w i t h  t h e  g e o c h e m i u t r y  of  t h e  g r a n i t e s  , - . t-;a 

c o n t a i n e d t h e r e i n. Seeing that the Pre-Cambrian eras cover the I 

greatest part of the geologieal time-table of the sarth, we must readily 
3hare the opinion of Landergren (1943, p. 67) that it might be very im- 

iy._iporta@i, from a geochemical point of view, to become well-informed con- -. v.' cerning the migration of the elements in the upper parts of the lithosphere 
during Pre-Cambrian time. 

The Pre-Cambrian granites are among the roclis best known as to 
their geochemical features. A comparison of the contents of trace ele- 
ments in the Archein granites on the one hand, and the Late Pre-Cambrian, 
Paleozoic, and Mesozoic granites on the other, will reveal for many litho- 
phile elements - beside~ the special position of the rapakivi granites - 
a marked decrease in content towards the downmost parts of the strati- 
graphic ladder as being the perhaps most conspicuous feature of the 
Archean granites. This would include a hypothesis of a unique trace ele- 
ment composition of the oldest crust of the earth, caused by the primary 
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differentiation by .crystallization of the primary non-differentiated silicate 
mantle. We must, however, take into account that the use of the name 

.,,~anitea very poody characterizes many of the rocks in question, and 
$'-hhat the magmatic processes, e. g., the addition of juvenile ichors, and a . f , , ,  
-' s~egional metamorphism, such as granitization, metasomatism, and rbeta- k%, ,. 

morphic differentiation, will lead to an addition or subtradion of materia1, 
or both, these processes being highly ~haraderistic of Archean times, 
while the Post-Archectn geology tells little or nothing of regional palin- ' 

genesis or anatexis near the earth's surface (cf. DQ~,  1933, p. 294). 
H~wever, there are still foo few points of comparison between the 

Archean and Post-Archean granites to allow conclusions beyond the one 
presented above to be drawn. It is to be hoped that future investiga- 
tions, based upon more ample material than at present avaqable especially 
as regards the Caledonian and Variscan granites, will reveal a clearer 
pioture of the interrelations of the Archean and younger granites in re- 
spect of their content of the trace elpnents. 

RETROSPECT AND SUMNARY. 

Based on the variations in the content of certain trace ele'menta ia 
ganites of, various gaological ages, the theory of secular ggeohemid differ- : 

entiation in the earth's crust is presented in the above pages. The ma- 
terial for the present study has been furnished by spedrochemical anal- 
gses of granites carried out by different authors, the differenoes in their 
d u s  operandi setting certain b t s  as to the equality of the values ob- 
tained. The rock material in question, the granites, may rev-1, as a group, 
considerable inconsistencies due to the fad  that the petrological and gene- 
ra1 Chemical charader of a very large proportion of the material is un- 

- .  known. Attention may be given to a statement by Sahama (1946 b, p. , 
r':'i:-'38) that the term ugraniteh when used in geochernicsl investigations, is 

generally unberstood in too broad a sense. It is to be hoped that in future 
geochemical investigations the petrological features and the chronological 
relations of the rock material used will be duly recorded. 

Several adyse s  of standard mixtures of granites h3ve also been ex- . 

ploited for the present study. It must be taken into gccount that analyses 
sf such mixtures, taken from rocks without attentidn to suitable geolog- 
iwl or chronological backgrounds, will be of importance only for piirposes 
dealing with the dekermination of $he mineralogical and petrological geo- 
chemistry of the various elements. . , 

I It has occasionally been neosssary to discard analyses, due to the - - lack 
. * 

of suitable geographical or chronological data. . - - - 'J 
c . , ~ ~ L . ! *  \.# 

It will also be evident that the produds of botb magmaticmanTmeb- 
morphic differentiation, camouflaged-in %he matehl, will affect the aml- , 



1 .  - given by Wahl. The continuous secular migration in the outer part of :, , -L8,Gm - Dr\, 1 , -  , - 
+ - - .  thesilicatecrustoftheearthistermed t h e  f i f t h  g e o c h e m i a a l  L,:.-hbin-.-=$ 

d i f f e r e n t i a t i o n; it is described ae a phenomenon pushing the : -- - " nF 
siderophile and chalcophile (granitophobe) 
saltic subatratum, distilling and sul$iiqating the 
the granitic crust of the e a r t h . r ~  : -  :.: ~ > $ k  . t I I  ' - 

Based on the views of the naiura1 geoehemical 
elements, set forth by Fersmann, the Archean of Finland, illustrated by 
its granites, is shortly characterized as remarkably poor in many of the 
lithophile elements effloresoing in the granites af the later geological ems. 

Future investigations will evidently reveal whether this theory of the 
global wanderings of the elements in the granitic crust öf the earth will .,,',' ,'.- 
stand a critical examination. They may also furnish definitive fads by :\:<; - :: + .- 
which the ea:perimntum crucis of this theory -can be executed. In the ;; , J ;  $;: 

>*-c; ;l 
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present state f our knowledge of geochemistry this theory may be re 
garded merely as geological philosophy, seeing that its leading principles 
are not adequately supported by facts.. However, this problem, with ali 
its difficulties, discloses itself as a fascinating one, and 1 hope that the 
present solution, claiming no more than the value of synthesis, the first , 
of its kind, may perhaps stimulate future workers to fill one of the Eacu- 
nae in our present geochemical knowledge. 
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TABLE 1 

.... Leptite, hematite-bearing Grängesbergsfältet, Early Pre-Cambrian 0.004 . , Sweden 
Soda leptite ................ 9 . 0 0 2  
Potash leptite, magnetite- 

.................. bearing B )) R c1.004 
Leptite, magnetite-beanng . . >> D )) 0.006 

............ Gneissose granite Sodankylä, Finland Pre-Cambrian o .ooo I 
........... P Savukoski, b 
............ B 

Gneissic granik ............. Kttilä,  
. . . . . . . . . . . . . . . .  Granite Savukoski, n 
................... Granulite Sodankylä, >> 

) ................... Inari, 
................... )) >) 0.001 

Granite .................... Kittilä, 0.01 
) .................... Sodankylä, s . 0.01 
n ................. Muonio, .. 

.. ........ Nattanen granite ;. Sodan 1ä b $- r 0.00 j 
Rapakivi (granite porphyry) . . Salmi%. k: S. R. ' ~ a t e  Pre-Cambrian 0.0047 
Rapakivi granite ............ b >> D 0.0052 

N )) ........ ' .... b b n 0.0062 
............ n B Suistamo, r n 0.0052 

Rapakivi Standard Mixture . . East Fennoscandia a 0.0050 
Biotite granite .............. Heggedal, Norway Post-Silurian 0.0055 

... Granite Standard Mixture Germany Variscan 0.039 
n v ... S r o n t  Germa,ny R 0.1 -0.15 - 

.................... Granite Henne erg, )) n 0.015 -0.02 
.................. 1 Granites ' Dutch East Indies Mesozoic 0.01 . . Granophyre ................. Skaergaard, Greenland.. Tertiary 0.001 5 

TABLE II 
,f:- : 

Rock - Locality t!'.;. 
... e-. !. Leptite, magnetite-bearing Grängesbergsfältet, 

4: ; Sweden 
Granite .................... Huopalahti, Finland 

.................... n Leppävirta, n 
Gneissose granites and granite South Lapland, Fin- 

gneisses, average .......... land D 0.0003 . . 
Ifetta granites, average ...... )) )) 0 .0003 

......... Granulites, average .: 1) )) <0.0003 
... Younger granites, average I) >) 0.0003 

............ Nattanen granite Sodankylä, Finland n c <O.OOI 
Rapakivi (ganite porphyry) . Salmi, U. S. S. R. Latr Pre-Cambrian 0.0003 
Rapakivi granite ............ n v * .  0.0003 

............ - .. n b n 0 n . .  o 
9 v ............ Suistamo, r D o - 

Rapakivi Standard Mixture . . East Fennoscandia )) 0.001 
Granitite ................... Heggedal, Norway Post-Silunan 0.001 -0.01 
Hypersthene granite ........ Stalheim, n Caledonian (?) < 0.001 
Granite .................... Brocken, Germany Variscm 0.001 -0.01 

B .................... Wunsiedel, » B 0.001 
u .................... Haurenberg, >) w 0.001 

Hornblende granite .......... Kirnecktal, )) B < 0.001 
I Granite Standard Minture ... n >> 
! Granite .................... Graustein, Aostria Alpidic (?) 4 O.OOI 1 

l Of 49 granites, 17 have a uniform Li,O content of 0.01 %, w h i l ~ i n  the rest the Liline is 
not present. 
1 
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TABLE N 

i t e  ........... 

.............. 



' TABLE IV (coNT'D) 

Grannlite .................. Inari, Finland - Pre-Cambrian 0.06 , 

' .  Granite .................... Kittila, D D 0.2 :. 

b .................... b 0 SodankylB, 0.2 , .................... D Muonio, n I 0.1 
Nattairen granite ............ Sodankyla, '* 0.1 - 
Rapakivi granite .......... Kumlinge, D h t e  ~ ~ - ~ i m b r i a n  0.12 :: 

f,  +,4 D ............ Hammarland, l D 0.11 
I. ............ )> D Föglö, n L 0.2 

............ L . . , 
R ) 0 D )) 0.2 ' . 
R s ............ Lemland, D » ' 0.2 . 

............ D D n b n 0.2 

H b ............. D D Virdö, 0.2 
' 7  B H ............ Saltvik, s R 0.2 

. ............ I x .  D n Impilahti, U. S. S. R. D 0.25 
n 0 D ............ D n 0.2 : 

? .  x z  Rapakivi (granite porphyry) . . b D D 0.1 

. &pakki graaite ............ Salmi, D 0 0.19 
. . * n n n )) ............ 

& .- ' -  0.2 ! ............ 
8. 

# D D D D 
Rapa@vj (granite porphyry) . b )) B 
Rapakivi granite ............ n D n 0.09 

::8 1 ............ )) n R D *. o.~a 
8 ............. D u Suistamo, b 0.11 

Rapakivi Standard Mixhire . . East Fennoscandia 1 H I 0.16 ... Granite Standard Mixture G e m n y  1 
Aplite ...................... P. Berhala (S. 0. K.) i Mesozoic, 

. .  1 ~egmatite .................. Oemar Ba New Guinea 
varis" Z& 

D 
............. i Granophyre .. - 1  staergaari: Cnenl&d / Tertiary 0.1 

. . . .  8 , -  - ., , - , , , - - # -  - t T m 2 p $  - . 
. 8 . .  .g . .  .-A A-- . 

* -, - - .  TABLE V 

Cs10 < ! '  itock Locality X t 

:; 
Oligoclase granite ........... Kisko, . Finland Pre-Cambrian o 

. .  Granite .................... Hanko, ' D R 0 '  
I L. '  j 

)) W .................... ..... '-.: :-,+ D Kalvola, c 0.003 
I -  n .................... H&meenkyrö, )) D , - 

0.005 
Bodom granite .............. Espoo, R D o 
Lemland granite ............ Jomila, D a o 
Granite .................... Suonenjoki, n ) o 
lhrianv&8ra granite ........ W v i ,  a D o 
Rapakivi granite ............ Kumlinge, D Late Pre-Cambrian . o , 

D n ............ Hammarland, . w D o 
Rapakivi Standard M&me . . East Fennoscandia i)  

Granite Standard Mixture .. .l Gerinany vasen 1 
TABLE VI 

J 

Rock Locality Age 

Leptite, hematite-bearing . Grängesbergsfaltet, Early Pre-Cambrian 0.006 c 0.0003 
Sweden 

Soda leptite ............. D * D 0.0035 0.02 
Potash leptite, magnetitej 1 bearing ............... R R n 0.001 0.03 1 
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Potash leptite ........... i~ 

l 0.003 0.03 
0.006 0.03 

. - - 0.02 

0.02 0.042 
n. d. 0.026 

TABLE VII 

3.98 PJ 

Helsinkite granite ........... Sibbo, 
Granite .................... Siuro, 

.................... Lavia, .................... v 

These averages are ealculsted on tlie basiri ol49 SrO and Bao determinations in @tes 
from the Dutch East hdies, preaented b> van Tongeren (i938). The oontents vary between the, 
following limits: SrO, o.oos-o.5 % (mostly 0.03 or 0.05 %); Bao, 0.005-0.3 % (mostly from 
0.05 to 0.2 %). 

II J, Joly (1912); Pi, Piggot (1931,1938); Po, Poole (1920); PJ, Poole and Joly (1924); SW, 
Smeeth and Watson (1918). 
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TABLE VII (CONT'D) ' 

- - .  
8 - 

Rock Locality Ase 
- 

Granite .................... Kuru, Finland Pry-Cambrian 
)> .................... Orivesi. 4 N . - 
)> .................... Kalvola, n 
s .................... Kalajoki, n 

Ava granite ................ Brändö, n 
Obbnas granite. ........... . i  Kyrkslatt, B 
Onas granite ............... Porvoon pit., r 
Granite ...... : . . . .  .- ....... Rovaniemi, n 

Tranås, Sweden ..................... 
. . . . . . . . . . . . . . . .  )) Kristiansand, Norway 

Biotite granite . . . . . . . . . .  Labrador, Canada >) 1.40 Pi ' . 
Rapakivi granite ............ Kumlinge. Finland Late Pre-Canibnan 2.21 Pi 

)> N ............ Kastavi, >) n 1.13 R ] ' .. 
n )> ............ Pemit, ) b) 1.47 Pi . - -, . 

............ 1 4 >> Pyterlahti, n )) 4.81 P J  - - 8 '  

............ )) » Lappee, n )) 1.60 Pi - 
)) H . . . . . . . . . . . .  >) )) 5.77 P J ; ;  , - i  . . . . . . . . . . . .  N )) 0 6.65 P J  J - '-' 

............ B » Viipuri, U. S. S. R. ' )> 2.74 Pi 
)) ) . . . ......... Salmi, )) >) ,,,g2 pi - - *  7 2 

Granite .................... Flannan Islands, Scot- Archean 1-75 P J  - +: 
land - - 

)> .................... Loch Michard, Scotland >) 1.58 P J  ' , - .................... Cape \Vrath, 2.27 PJ - - -. 
...... Hornblende orthogneiss Tiree, 1.20 P J  

Granogneiss ................ Coll, D .  . 1.84 P J  1 -'!? 
)) ................ P )) - " 1.66 - - * 

L - -  - I ' 
Orthogneiss Tiree, - 2 6 0  1 ' --: . . . . . . . . . . . . .  1 Grey granite . . . . . . . . . . . . .  Kolar, Xysore .. )) ?. - - -I 0.85 SMr .% '. 
Micaceous granit? ..... . . I  >) ') / D - .'. 1.45 SUr 
Mica granite .......... .. , n )) )) - : 1.34 SW 

.......... 1 Porphyritic granite I >> )) u ' 0.91 SV 
Dark grey granite .......... » )) D 0.9s SW *. 

...... 1 Fine dark grey granite 1) B )) 

. . . . .. l Fine light grey granite a H n 0.47 Sw 
Light crirshed granitr ....... J) )) >) SW 
Granite .................... )> >> )) 

Acid charnockite ............ Chamrajnagar, Xysore )> 0.04 1 SW 
Grey porphyritic granite ..... Closepet, 1) 1) 0.27 SW 
Grey ganite ................ )) )) 

Red granite ................ ) 

.... Biotite muscovite granite 1 Stone Xountain, Ea., Vanscan 3.81 
D 

U. S. A. 
~ t .  ~ i r y ,  N. c., U. S. A: )) 0.49 pi 1 

...... Ilchester, Md., )> D 0.91 Pj 
Woodstock Md., )) .............. D 1.09 Pi 

.............. Milford, Nass., )) )) 0.26 Pi 
... Itockport, Mass., K .. h 0.72 Pi 

.............. Biotite granite Hiirricane Is., Ne., n 2 Pi 
U. 9. A. 

.... North Jav, Me., U.S.A. P 3.39 pi ( 2 .... ,-. . . .  Gneissic granite, averagel St. Gotthärd Tunnel, Alpidic 6.9 J Switzerland 
Gasteni granite, averagee.. ... Loetschberg Timel ,  )) Po 

Switzerland 

* 
"~ts aecerminations in 17 sampleg otgneissic granites are included in this average. The con- 

bents vary between 3.4 x 10-l~ and 14.1 x zo<la g. Ra per gram of rock. 
The average c a l ~ l a t e d  frani Ra determinatibns pf 8 Gastem granites and aplites. The Ra 

content vanes between 2.0 x 10-l~ and 2.9 x 10-u g./g. 
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TABLE VIII 

=. , : . . 
i .  k 

........ Granite 
rian 

........ 

,-.. - , :- ' Maarianvaaxa 
grmite pegmat- = .-- 

- 8 ite ........... Kaavi, Finland 1) n. . . O . . O .  
- 1  .. - , - Gfieissose granite Sodankylä, )) a 0.0001 0.006 0.006 0.006 0.003 
l -  ' -  o -  o Savukoski, b 

b 1) 

0.0001 0.003 0.006 0.01 0.01 
0.0003 0.003 0.01 0.06 0.03 

. - Gneissic granite. Ilittili, r a o <o.oor 0.006 o 
' L  - ........ 
I c .  Granite &xvukoski, )) 

0.0001 o 0.003 0.008 o 
A- . G-raniilite ...... Sodankylii, r 0.003 0.003 0.006 0.004 0.003 1 ...... r Inari, )) )) 0.006 0.01 0.008 0.008 0.006 

t ...... r H ) 1 0.001 0.003 0.006 0.008 0.006 
B >) ...... >> io .0005 0.003 0.005 0.002 n.d. 

Kittila, )) ....... >) o . 0 0 0 1 0  0.001 0.006 0 

r ........ Sodankylä, r o l 0.0001 0.003 0.008 0.01 0.01 

* ........ Miionio, N )) i o.ooor 0.003 0.008 0.008 0.0.1 

NsMnen granite Sodankylä, )) . », 0 o 0.005 0.01 o 
' o . )) i )> , n. d. 0.003 0.003 0.009 0.005 
8 Rapkivj (granite l 

porphyry) ..... 0.01 0.03 0.006 
I 

- Rapakivi granite 1 )) l o )) 1 o o 
l )) u 1 Suistaino, o 1 
l 

' 
Rapakivi Stancl- 
ard Mixtnre ... East Fennosoan- u 0.0001 0.0051 0.0040 0.0080 0.0060 

dia 
Grnnite Standard 
Mixture ....... Germany Variscan 0.0002 o.0015 n . d .  n .d .  n . d .  

Amyhibole biot- . ite g~anite .... Bandjoemas, Mesozoic 0.ooo1 o.001 0.0003 o 0 
Java 

. . .  Merawoe, Java b 0.0002 0.001 0.001 0.003 0.001 
Granite ........ Kediri, a )> 0.0003 0.0005 0.0003 o o 
Ampbibole biot- 
ite granite .... Kapoeas, Borneo r 0 . ~ 0 1  0.0005 0.0005 o 0.001 

o ) o  N N r o.000~ 0.005 0.002 0.003 0.003 
s o Sei Mandai, Bor- u 0.0003 0.02 0.01 0.005 0.005 

neo 
Biotite ganite . Rt. Pitoeng, Bor-. n o.ooor 0.005 0.01 0.01 0*005 

neo' 
Pegmatite ...... Sei Seberoeang, r co.0001 0.0002 1 o o o 

Romeo 3'1'- .--. W# 
Amphibole gran- alm: 

............ ite Sei Samba, Bor- B 0.0002 0.003 o.001 o o 
neo -, ,l- -Y 

Gneiss-Like gran- - PS> 
ite ........... Sei Kaso, Bomeo r 0.0001 0.0003 o o r, RA.. , 'F. 

Granite ........ Sei Oga, N )) 0.0001 0.005 0.003 0.003 0.002 
u ........ Sei Ketingan, 0.0001 0.001 0.002 <0.003 0.001 

Borneo 
<o.ooo~ 0.003 0.002 <0.003 0.001 

neo 
---. 0.0002 0.005 0.005 0.01 0.005 - - 

7913/45 5 - 
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TABLE VIU (CONT'D) 

a k  .' Loeality 
I 
l 

Apiite ......... 1 Djeboes, B a n h  Mesoraio 
&&te granite . u )) u 
Biotite amphi- 
bole @te ... ) - r )) 0.02 0.003 

Gmphic gr%ite. Tikoes, Billiton 
Biotite granite . S.Sekoeng, Billi- 

ton . - - 
Amphibole gran- . . 

........... ite Mt. Ren4,Billiton r 
Granite ........ Gg. Bloeroe, Billi- 

ton - .  
~mphibole gran- 

........... itq Gg.Menang,Billi- r 0.0002 . 0 .00~ 0.005 0- 0.005 - 
ton % . L 

. . 
........ Granite Mangkai. Anam- r o.ooor 0.003 0.01 0.02 0.0~5 - 

bas Islands 
. ........ Semamal, Riouw- r c 0.0001 . 0.605 0.005 o.or 0.01 

Lingga Archip. 
........ P. Nongsa, R.-L. + eo.0001 0.001 - 0.005 o,01 0.005 ' 

I Archipelago 
u ........ Tandjoengpin- eo.moi 0.091 0.005 0.01 0.0.5 } - 2 anpR.-L. Archi- . - r - 

f pe ago \ .  . . -  

........ ! P. Rangas, R.- L. .. 03 0.c- 
i Archl elago 

1 Aplite ......... P. ~ e r R a ~ a  (S. 0. r co.0001 w . u o / Biotite granite . P 
, Grsnitite, dlan- 

itebeanng .... 1 Atjeh, Sriinatra 
Granite ........ Soengailasi, Su- 

w 
rnatra 

Muscovite granite u ,- 
Amphibole gran- 
ite ........... Sibalioe, w 0 . ~ 1  0.002 0.0003( a . . - 

Ampllibole biot- 
... ite granit9 t Bt. Rarisan, Su- 

matra 
1 Granite, ne11 in 

ore ........... Lampoengsche u 
Distr., Sumatra 

Biotite g'zpite - . Paloppo, Celebes o 0.001 0.01 0.611 0.02 1 0.01 I 
' 

Amphibole gran- 
ite ........... Gorontalo, Cele- 1 B 0.0005~ 0.005 o.oor_ - t 0.003 0.002 

tes 
Amphibole gran- 1 L 

itite .......... u a )) o.h0o3 0.003 0.003 ,0.003 0,003 
Quartz tourmal- 
ine mica rock . Liiciliara Islands u 0.0002 0.002 . 0.002 0.003 0 . ~ 3  

Biotite amphibolc . . I 

........ granite S. E. Soemba 0,0002 0.0003 0.0~3 o o 
)) i 

Biotit~ granite . Timor <o.oooI 0.003 . 0.0003 0 - 0 - 
Biotite grmite . . Ceram u 0.0003 0.001 0.0002 o 0 

u . Ambon U.OQ~Z 0.002 0.002 . o . v  0.- 
' 

. Taliaboe o b 
r) w . Batjan 

Tourmaline gran- 
ite ........... Gzelvink Bay, o.ooqi 0.0003 0.00og - 

0.WJ 
New Criiine% , - 

. i l  

* .  - , ,  - . -  
- --F:: 

- - - 

8 t-: >- ' .  
r ,.- 
. @y,>-  , - .  
.-4 7 *.+ 

17 - 
8 ---' 
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-- 

...... / Osmar Bay, New hlesozoic a.omr o.ooo5 o 
Giiinea 1 1 1 1  1 

. ..... / Tawnioe River. 1 )) 1 0.0001 10.0005 / o / 0 1 0 1 
New Guinea 

DigoelRiver,Ncw % 

Giiinea 
Skaergaard. Tertiary 
Greenland 

TABLE IX 

C@eissose ganite ............ 
: . )) ............ 

>) h ............ 
Gneissic granite . . . . . . . . . . . . .  
Granite .................... 
Graniili te ................. 

n ................... 
Grani te . . . . . . . . . . . . . . . .  

n . . . . . . . . . . . . . . . .  
) .................... 

Nattanen granite ............ 
Rapakivi (granitr porphyry) . 
hpakiv i  grani te ............ 

>) ) ............ 

- 
Localitv 1 .zro* 

X 

l 1 -  . 
Sodankylä, Finlaiid 1 r - r i  1 I 
Savukoski, n B 43-05 . 

>) j) >) 1 -0 .Cq 
Kittila, 0.02 
Savukoski, 
Sodankylä, 
Inari, . . 

H h 0::: : 
- j ;-!. 

Kittila, . 
- * 0.07 - - 

Sodankyla, n . 0.02 
Muonio, I 0.02 
Sodankyla, n - I 0.02 . 
Salmi, IT. S. S. 'k. 

)) >) 

R 0 0.1 1 
l n ) ............. 1 Suistamo, )) 

Rapakivi Standard Mmtiire . . East Fennoscandia 
Granites; averagel .......... Diitcli East Indies 

. Granophvre ................. Skarr~mrd, Greenlit~id 

TABLE X 

................. Granite Helsinki, Finland 1 Pre-Cambrian ( 0.00199 PJ" 
o ................. Hanko, h 0 o.oog13 P J  

>) 

U 
>) 

................. n N * - . l .  0.00256 P J  
. 0 ................. Karjaa, n 0.001 SV 

. o ................. iKalvolix. r I 0.002 SV -- 
1 -. -.- 

, #  - ' 4  
* -  - '4 

l This average includes 49 granites with ZrO, content varying between o' aina 0 . 2 3 .  If pre- 
sent, the most oommon ZrO, content is 0.01 to 0.03 %. 

. J, Joly (1912); PJ, Poole and Joly(19B); S, Sahama (1946 b); SV, Sahama and Viihata10,-. ' 
(1939); WM, Wager and Mitchell (1943). 

2 - 



TABLE x (CONT'D) c 

................ Granite 1 Orivesi, Finland 
.................. )) 

H ................. Cape Wrath, )) P) 0.00197 P J  
Hornblende orthogneiss ... Tiree, 0 , 0.00073 PJ 
Granogneiss ............. Coll, o.ooo5g PJ 

n ............. )) H 0 0.00224 PJ 
Orthogneiss .............. Tiree, D n' 0.00185 PJ 
Gneissic granite, averagel . St. Gotthard Tunnel, Alpidio ' 0.0025 J 

Switzerland / Granophyre .............. Skaergamd, Greeniand 1 Tertiary 0.07-  1 \VM 

TABLE XI 

1 .... Leptite, hematite-bearing 1 Grängesbergsfältet, 1 Early Pre-Cambrian 1 0.36 
! Sweden. 1 . - .  

Soda leptite ................. cLx 1 u -,-v3 -- - - rn 

! ~ , C S , ~  " 1 0.002 
Patash le~ t i t e ,  mapnetite..,. '%' " 

bearing .-. ......... T.. .... b )) H 0.002 
Granite .................... Huopalahti, .nland Pre-Cambrian " .................... Lejpii* # n 
Gneissose granite ........... So ankyla, v n 

u o ............ Savukoski, >> )) 1 0.001 

L ............ @$abi H 
Gneissic granite ............. Kitt,ilb ,?* a 

.................... Granite Savukoski. v 
................... (3iranulitt ~ o d a n k ~ l a ;  n 

H ................... Inari, a 
0 ................... H -- 

Granite .................... Kittila, * 
H .................... Sodankylä., 8 
n .................... Muonio, $ .  

Nattanen granite ............ Sodankylä, n 
Rapakivi (granite porphyry) . . Salmi, U. S. S. R. 
Rapakivi granite ............ n * 

0 U ............. % H 
H ............ 

Rapakivi Standard BPixture . , 
Granites, averageP .......... 
Granophyre ................ Skaerghrd, Greenland 

R 1 
)) i 
)) 

H 
)) 

U l 
H 
% 
U 
H 

Late Pre-Cambrian 
R 
i )  

H 
* 

Mesozoic 1 
Tertiary 1 

l Th deterininations in 17 samplcs of gneiwic granites of the Finsteraarhorn massif are .in- 
ciuded in this averag. The Th content varies between 0.001 and 0.005 %. 

This sverage has been ccalculated from 49 granites, ranging in -V,O, content froni 0.0003 
to 0.05 %. The most common oontent was 0.01 % V,O,. 
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TABLE XII 

Granite .................... Himeenkyrö, Finland ~re-daiiibriiin 0.001 I 

Bodom grmite ............. D 1) 0.0100 
Nattrnen granit? ........... D 
Rapakivi (granite porphyrg) . Late Pre-Canibnan 
Rapakivi granite ......:..... D 

D B ............ 
D H ............ - 

Rapakivi Standard llixtnre . . - -- ---- 
4 . 4  

-4ge T ~ O , ~ ' C ~ _ :  Rock Locality " A ~ C Y  

.............. Granite gneiss Im ilahti,U. S. S. R. 
Oligoclase granite ........... K&O, Finland 
Mica gneiss ................ Tammela, D 
Perniö granite .............. Kemiö, D 
Migmatitic gneissose granite . . Pietarsaari, @ 

Granite .................... K?, D 
u .................... Hanieenkyro, o 

~omblende granite ......... Tainniela, D 
iiiicroeline granitc ........... 0 D 
Granite .................... Jämsä, R 
Porphyritic granite .......... Kankaanpää, u 
Tonrmaline granite, aplitic . . Karkku, D 
Ava granite ................ Brändö. ., L.- u 
Lamprophyre in Ava granite D =* 

) >  Bodom granite .............. ES OO,--':L ( ~ 8  ' 
Naninen grani te ........... So&,nkylä, v 
Rapkivi  granit? ............ Sund, )) 

D ) ............. iSustavi, ' N  
s » ............ Eura, d 

)) N ............ Vehkalahti, D 
0 >) ............ Luumäki, 8 

D H ............ Zawwee, )) 

1 0.0021 1 Late ?re+iiibrinn o.oooj 1 0.0001 

0 1 *,)- , » l . s:jbp 0.0001 ............ ............ » / Antrea, U. 8. S. R. 1 D ':>3 &< 0.001 
B D ........ .: .. 1 Salmi, )) ' Raplkivi Standard Mkture . . East Fennoscandiil B - 0.0001 

...... .... 1-xene p n i t e  - -- .: - 1 Sviatoy - .- Noss, - -- U. S. S. - R. 1 Pre-C:utbrian o - - - 1 
TABLE XIV 

I Rock I Locality 

Leptite, heoiatite-bearing .... 1 Grängwrgsfältet, 1 Flrly Pre-Cambrinn 
S m d ~ n  

Soda leptite ................ H 
Potash leptite, magnetite- 

bearing .................. b 

Leptite, magnetite-bearing . . D 
.................... Granite Huopalahti - -.p, . - .  .......... .':. . Leppävirta - -- -- A - 
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Gneissose granitr.. .......... Sodanblu, Finland 
............ r Savukoski, >, 

n ............ 
............. Gneissic granite Kttilä,  

.................... Granite Savukoski, » 
c C-  - Graniilite ................... Sodankylä, w B 0. 1 y -  L ................... 9 Inari, )) n 0.05 ... - k: 8 O ................... D n b 0.03 .................... 5* - Granitc Kittila, )) \ n a.mg. .................... c - n Sodankylä, r 9 .  c o m t  p . n ,  

.................... ai- . n Muonio, H s , 0.0005 . 
Nattanen granite ............ Sodankylä, r n - o -  

)) )) ............ n s EI o.m&, 
Rapakivi (granite 1iorpliyry) . . Salmi, 1:. S. 8. R. Late Pre-Gambria o , ~  

............ Rapakivi granite 1) B - s . -  
'. I 

. * - 7  >o 
B ............ 9 -  n n . , ' D ............ )) Suiatanio, )> ' Rap&ivi Standard dirtnre . . East Fennosandia 

Granites, averagel .......... Dutch Fast Indies 
-Q 1 . 1 G~nophy4e .................. Sk~ergaard, Greenluid - -. - C z  - i r 

. I 
-. . - P  

J - . + T  - -. I ' ; J . -  TABLE XV m - -  , 7 ' :  m<k-,.. 
1- 

!:= Rock , , - -  
i, - 

l 

Leptite, Early Pre-Cambnan <o.oor ' 0.001 

4 .  
}lr r Soda leptite ............. ) u (0.001 <O.OC- 

Wtash leptite. iiiagnet&- 1 
............... bearing n n 0.001 <O.OOI 

Leptite, nuignetite-boaring B 0.001 0.001 
................. ab , - Grani te Huoplaliti, F'inlaiici Ltre-Cambrian o 1 <o.ooa3 _. )) ................. Leppiivirta, n n o <co.ooc3 

........ $ Gneisuose granitc Sodankylä, N n o , 0.0003 
b 0 ........ S~vukoski, n 0.0003 

........ n b H n 
Gneissic gmnite .......... Kittilä, = <O.OOI , o 

< '  1 0.0003 
)) 

................. lFr Granite Savukoski, n o 1 0  
................ 15.. Granulite <O.OOI 0.001 .. - .... ......... . n .-. 0.001 0.003 

- ................ n n * i: - <O.OOI 1 0.001 
................. Granite Kittilii, n n a  <o.oor (  0.0003 
................. n Sodankylti, » n o ; o  

2 
' 

D ................. Jluonio, 0 H + <o.oor i 0.0003 ' 

......... f- Xattanenganite Sodankylä, r n o l o  
L b n n b )) o ......... 

Fbpakivi (granite porpliyry) Salmi, 11. S. S. R. Iate Pre-Cambrian 0 - 
......... Rapakivi ganite r D n o 
......... t) D - D n )) 0 

n >, ......... Siiistamo, n . )) 1 o 
Rapakivi Standard Mixture East Fennoscandia 

........ . Granites, averag3 Dutch Fast Indies ~esOsoic 
Ciranopliyre .............. Skaergaard, Green- Tertiary 

-- - ' r 
- - land 

r :  -;-- yA,4 .L 8 -  

' ' G ,-+. 
1 Included are 43 gianites 4 t h  Cr,08 varying between 0.0003 and 0.02 %. - ~ h i  most usual 

eontent is 0.003 to 0.005 % Cr,08. 
- 3 This average includes 49 granites of the D U ~ C ~  East Indies. It mnst be taken into acrount 

that  the limit of sensitivity for the nickel and cobalt Lines ussd (Ni 3619.392 A. Co 3995.312 A) 
iies a t  0.01 % Co0 and NiO. Accordingly, the results obtained by Van Tongeren (1938) are uot 
compa~able with the other figures in this table. 



l .................... zranitr 
D .................... 

heissose granit? ............ 
1 * )> ............ ............ I * n ............. Jneissic granite 0.001 

kranite .................... o .oo I 
................... Graniilite 

D ................... 
B ................... 

xtanitc! .................... 0.003 
.................... t .  ) ' 0  

k - » .................... ! 0 

Nattanen granite ............ 
D n ............ 1 Rapakivi (granit, porphyry) . . 

, Rapakivi granite ............ )) . n 
D n ............ b )) 

............ n 0.001 1 ~ a G k i v i  Standard Xxture . . 1 Gmnites, averages .......... . 

- 
, - , ,  *.II 

l The average represents 49 granites of the Dutch East In'dies with a Cfa,O, content varying -5 8 

between 0.05 and 0.001 %. The rocks most commonly oontain 0.003 to 0.01 % Ga,O,. 
Average of 49 PbO determinations of granites showinc PbO neroenta@ frqm 0.0003 to - 

0.01, most commonly from 0.003 to 0.005 %. 
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