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ABSTRACT.

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

The geochemical migration of the elements on global scale, based on
the results obtained, is discussed, and a theory of the geochemical differ-
entiation in the earth’s crust is put forward. It is suggested that a group
of elements, consisting of Li, Be, Rb, (s, Ba, Rare Earths, Ta. and Pb,
called the granitophile elements, tends to concentrate into the outermost
parts of the earth’s crust due to a secular geochemical migration. while
the siderophile and the chalcophile elements, together with another group
of elements, which, according to the results so far available, is represented
only by yttrium, are pushed down towards the basaltic substratum.

An attempt at the geochemical characterization of the Pre-Cambrian
of Finland on the basis of the granites is presented, and a marked poorness
in the content of many of the trace elements as compared with chrono-
logically younger granites is established.




CONTENTS;

Page

INTRODUWCTION e o i srsessdivern s 816@hes Sitas sz m scnsiors ol o weabesgics 8 w0 s 8 Blesn &1 3808 5
THE GEOCHEMICAL MIGRATION OF THE ELEMENTS ON GLOBAL

BOATR L o e For o Shatmiatg e s bbirlonsssl Sl o0 8 5 5 o s St i ol s s 6

THE GEOCHEMICAL DIFFERENTIATION IN THE EARTH’S CRUST 7
EVIDENCE ABOUT THE SECULAR DIFFERENTIATION BROUGHT

FORTH BY CERTAIN TRACE ELEMENTS ...........ccovivivinn.. * 8
GLOBAL GEOCHEMISTRY AND THE EVOLUTION OF THE EARTH’S

GRS ;2 5as i 0 08 AT e e oits 161 (60 . 548 o 5,57 87 518) o 5 Em.5, Mmoo fos b o o od 16
GEOCHEMICAL CHARACTER OF THE PRE-CAMBRIAN IN FINLAND

AS TELUSTRATED! BY ITS GRANITES. ... mumeemissisme cmssnsinos 21
RETROSPECT AND. SUMMARY "« S« mie 58 20600 5 5 508 506 wensom 5 ann = o sonisrs o scans 2 /% 5 22
RHBERBEIOES | . 25 i s 8 s ) 2o 8105 Sus s ot » ool (e at « ot iy 0 § s s ) 5,500 9 £ & e s 25

TABLES 5 /o0t mmse 15 minms 2 el aiiohls « 4t 2 o 5 wariie o alestens.s /s G575 o3 Sooersimen sis 2 nace 28




o INTRODUCTION.

» Alles fliesst und stromit, in innerer und dusserer
Bewegung, in immer neuen Formen, in ewiger
Fvolution.»

L. Koser: Das Welthild der Erdgeschichte.
Jena 1932. p. 12.

Perhaps the most important step towards our present knowledge of
the chemistry of the earth, greatly extended during the last two or three
decades, is the establishing of the laws of distribution for a great number
of elements, carried out mainly by V. M. Goldschmidt and his school in
a masterly fashion. However, as I have pointed out in a previous paper
(Rankama, 1944, p. 63), the laws of distribution are commonly presented
without much comment on the geological character of the material serving
as a basis for the investigation. Accordingly, the samples seem mostly
have been selected in accordance with purely petrological principles, and
no attention has been paid to their geological setting or their geological
age. The resulting investigations thus illustrate very neatly the roles
played by the various elements during the course of endogeneous and
exogeneous differentiation.

It is very interesting to note, however, that geochemical literature of
the later years deals also with regional geochemical problems; this, in
addition, happening on an increasing scale, as may be seen. e. g., from
the papers published by van Tongeren (1938), Landergren (1943), Ran-
kama (1944), and Sahama (1945 a and b). Their scale varies from the
description of a single mining field to rock provinces. and even to geo-
graphical and geological units. As to the general results obtained by these
investigations, they have laid foundations for what I should like to call
the application of geochemistry to geological problems.

When considering the term regional geochemistry it becomes apparent
that, apart from the effects of local or regional factors or both, the distri-
bution of the various elements may be considered either from a geographi-
cal or a geological point of view. As to the geographical distribution
of the elements, one may recall the concepts of minerogenetic or metallo-
genetic provinces, as expressed and developed to a system of the minero-
genetic evolution of the various continents by, e. ¢g., Lindgren (1928). In
this connection also the descriptions and calculations dealing with the
geographical variations in the composition of the earth’s crust. as pre-
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sented by Clarke and Washington (1924) must be taken into account.
Fascinating results may be gained already by coupling the results of geo-
chemistry with geography, but for a geologist the combination of the re-
sults of his own science with those of geochemistry may be even more inter-
esting.

Among the more important recent theories dealing with the chemical
evolution of the earth’s crust, I should like to list those of the graniti-
zation and the origin of granitic magmas by partial re-fusion of older rocks
set forth by Eskola — the former theory being largely extended by Back-
Jlund and Wegmann — and that of the division of granites on the basis
of their age during the orogenesis, as presented by Wahl. In the following
pages 1 shall try to couple these principles and theories with the geochemi-
cal evidence available of some of the trace elements in granites belonging
to various geological eras. 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, geochemistry developed on
a global scale, and with its aid we may, perhaps, be able to trace some-
thing about the processes leading to the evolution of the earth’s crust.
These processes evidently have originated in the very remote times of the
formation of the primordial crust of the earth, and are found still working
to-day.

THE GEOCHEMICAL MIGRATION OF THE ELEMENTS ON
GLOBAL SCALE.

The geochemical migration of the elements will be understood, accord-
ing to Fersmann (1929, p. v) as their wandering in the earth’s crust, a
legitimate physical, chemical, and geological phenomenon. Fersmann
further points out the importance of establishing the relations between
the elements and certain geological epochs, furnishing thereby the concept
of geochemical epochs (op. cit., p. 4).

However it is, in my belief, evident that the migration of the elements
takes place not only during certain privileged times, but also during the
whole evolution of the earth’s crust, from the remote beginnings up to
the present day. It is also evident that the optimum conditions for the
migration en grand will coincide with the orogenic periods, during which
times, due to the rising temperatures even in the outermost parts of the
earth’s crust, ample opportunity is found for the wandering of elements.
On the other hand, the migration must take place also during the inter-
vals between the orogenies, on a more moderate scale. however, and in
the deeper parts of the crust only. The latter kind of migration must be
ascribed to processes and reactions in solid state. The migration must
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now also be more passive in its nature, gaining no activization from the
orogenic movements.

If this kind of the wandering of the elements, the geochemical
migration on global scale, is supposed to take place, it is
considered merely as a planetary phenomenon, independent of the geo-
graphical or geological settings.

THE GEOCHEMICAL DIFFERENTIATION IN THE EARTH'S
CRUST.

Let us now consider the problems connected with a possible geochemi-
cal differentiation in the earth’s crust upon the basis of a geochemical
migration on global scale. According to the common belief the earth’s
crust consists of an outer shell of granitic composition, under which is
situated a basic layer, gabbroic or basaltic in composition. This gravi-
tative stratification of the outer crust is, according to Eskola (1932 b, p.
480), probably due to processes of two different kinds, viz. erystallization
differentiation and squeezing out of the residual magma on the one hand,
and differential anatexis of older rocks on the other, with subsequent
squeezing out of the liquid. In a recent paper Ramberg (1945, p. 315)
suggests that there exist chemical potentials responsible for the gravitative
arranging of the different minerals in homogeneous spheres, and acting
in the same direction as the gravitational force. In addition, Ramberg
(op. cit., p. 324) points out that the light granitic minerals are the most
mobile ones, and that the increase in the chemical activity alongside with
pressure is greater for light minerals than for heavy ones. This accordingly
results in a selection and concentration of the elements of the lightest .
minerals and their rise upwards into the mountain chains during the oro-
genesis and the cratogenesis.

Ramberg’s theory might well be understood as a supplement to the
granitization theory put forward by Eskola. Granitization, in Ramberg’s
belief, is »nothing but a contact metasomatism of regional dimensions
occurring around the crystalline granitic shell of the earth’s crusty (op.
cit., p. 320). However, the granitic ichor, so important a fluid according
to Sederholm and Eskola, in Ramberg’s explanation is not a separate
liquid phase, but merely the mobilized atoms of the solid solutions and
minerals charged with kinetic energy great enough to make them able to
move inside and outside the lattice (loc. cit.).

In my opinion, the above-mentioned theories presented by Eskola and
Ramberg, connected with that by Wahl (1936 a and b, 1943) on the di-
vision of the granites into separate groups according to their occurrence
during the orogenesis, can be applied to and made responsible for the
gecular migration of certain elements in granitic rocks, for which the term
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geochemical differentiation in the earth’s crust
has heve been specially coined. The elements in question include the
trace elements with the best-developed lithophile character.

This differentiation may be 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 until the decreasing temperature
temporarily stops the migration. Also in the migration in the earth’s
crust the extinction of the era of the heavy metals becomes evident.

In the following chapter the evidence obtained from literature 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 various geochemical treatises are of no value
whatever for the present purpose.

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

In the following tables the content of some trace elements in granites
from the four corners of the world will be presented. A somewhat surpris-
ing fact will be seen from the tables, viz., that of the little which is
known about the geochemistry of granitic rocks, the greatest part covers

the Pre-Cambrian formations.

Lithium. The greatest part of spectrographic lithia determinations has been
made of Pre-Cambrian rocks. The values for granites presented in Table T (on p. 28)
are based upon analyses carried out by Strock (1936), van Tongeren (1938), Lander-
gren (1943), Wager and Mitchell (1943), and by Sahama (1945 a and b).

If the lithia contents in the samples of Table 1 are compared with one another
— which must be done with due caution and suspicion arising from the limited
number of analyses, the differences in methods of determination, apparatus, choice
of spectrum lines, and even the subjective errors in the spectrochemical determi-
nations by various authors — there seems, however, to be a rising tendency in lithia
towards the younger end of the table, in favor of our hypothesis, The Early Pre-
Jambrian leptites, representing the perhaps oldest rocks so far known to exist are,
as a group, somewhat lower in lithia than are the younger representatives of the
various rock complexes in South Lapland. The Late Pre-(‘ambrian rapakivi granites
of East Fennoscandia form a coherent group and can, perhaps, be placed alongside
the South Lapland rocks as to their lithia content. On the other hand, an abrupt
rise can be established in Paleozoic granites, following next in Table 1, and many
of the Mesozoic granites from the Dutch East Indies reveal a rather high lithium
content, perhaps even higher and more uniform if the comparatively low sensitivity
(0.01 9% Li,0) of the line used by van Tongeren be taken into account. The Skaer-
gaard analysis is exceptional, but this rock, though chemically of granitic composi-
tion, represents merely a residual magma of a basic intrusion, probably contami-
nated by the gneiss country rock (Wager and Mitchell, 1943, p. 289).




Kalervo Rankama: On the Geochemical Differentiation in the Earth's Crust. 9

It may be added that Sahama (1945 a, p. 72), when discussing the lithia con-
tent in South Lapland rocks, points out that the content in acidic igneous rocks is
on an average decidedly lower than the values presented by Strock (1936). He
believes, however, that this divergency, of a second-rate nature, might be inter-
preted as a regional feature of the area in question.

Beryllium. The contents in the following table {(Table 11 on p. 28) are
compiled according to Goldschmidt and Peters (1932 a), Rankama (1939), Sahama
and Vihitalo (1939), Landergren (1943), and by Sahama (1945 a and b).

It seems to be evident from Table 1T that so far as the beryllium determinations
will allow, a quite uniform content of this element in granites throughout the whole
Pre-Cambrian in Fennoscandia can be established. The granites belonging to the
Caledonian and Variscan orogenic cycles, on the other hand, contain decidedly
greater amounts of this element. Unfortunately, no spectrographic beryllia determi-
nations in Mesozoic and younger granites have been made.

Boron. A quite small number of suitable boron determinations are available
for the present purpose, the figures being obtained from the papers by Goldschmidt
and Peters (1932 b and ¢), and by Sahama (1945 a and b). In addition, some facts
about the distribution of this element are given by Landergren (1945). The B,O4
values are listed in Table III (on p. 29). -

Landergren (1945, pp. 22, 24) has analyzed Pre-Cambrian granites of Sweden,
giving a variation in B,0, percentage of these rocks as o.0or—o.010, for 17 samples
of different ages and of varying distribution. He states that the boron content of
these granites presents variations, the lowest boron amounts being contained in
the oldest Archean gneiss granites and, partly, in the Smaland granites, while a
somewhat higher boron content is found in some palingenic granites. As a whole,
the amount of boron in Swedish granites seems to be somewhat higher than the
average for the Variscan granites.

As to the Finnish Archean granites, the present material includes only a few
South Lapland rocks. A somewhat higher boron content is found in the East Fenno-
scandian rapakivi granites, but the Paleozoic granites seem to be comparable with
the older granite groups of South Lapland.

According to Sahama (op. cit., pp. 55, 56) this element is especially concentrated
in South Lapland in ultrabasics while the content of same in acidic magmatic rocks
is quite small. Taking into account the role played by the contamination by sedi-
mentogeneous or pegmatitic material during the formation of the granitic magmas,
it becomes evident that the question of the wanderings of this element during the
geochemical differentiation in the lithosphere cannot as yet be definitely answered.

Rubidium. Spectrographic rubidia determinations have been carried out
in a fairly large quantity of Bast Fennoscandian rocks by Erdmetsd, Sahama, and
Kanula (1941), and by Sahama (1945 b); other analyses are presented by Gold-
schmidt, Bauer, and Witte (1934), van Tongeren (1938), Landergren (1943), and
by Wager and Mitchell (1943). The united results are presented in Table IV (on p. 29).

Conclusions of the same kind as in respect of lithium can be made in rega~d to
rubidium as well. The leptites and the Orijirvi oligoclase granite, representing the
older Archean rocks, compared with the younger palingenic granites of Hanko,
Kalvola, and Hameenkyrs, seem to be relatively poor in rubidia. In the Sveco-
fennian and Karelian postorogenic granites the rubidia contents are of the same
order of magnitude. As stated by Sahama (1945 a, p. 69), the younger granites in
South Lapland contain, on an average, somewhat higher amounts of rubidia than
the gneissose granites and the granulites; Sahama has included in his calculations
also some granodioritic rocks which are here neglected. As to the rapakivi rocks,
they evidently form a very coherent group also in regard to their rubidia content.
There is, on an average, an enrichment of rubidium in these granites also, when

7913/45 )
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compared with the carlier Fennoscandian granites, as stated by Sabema (1€45 b,
p- 50). — Thus far the Pre-Cambrian,

As regards the granites belonging to younger eras, the facts relating to their
rubidium content are very scarce. To base any conclusions upon the four values
presented in Table IV would lead us to guesswork and is accordingly omitted.

Caesium. The number of caesia determinations available for the present
purpose is quite low and is furnished by papers published by Goldschmidt, Bauer,
and Witte (1934), Erametsi, Sahama, and Kanula (1941), and by Sahama (1945 a).
The results are reproduced in Table V on p. 30,

In addition, note must be made of the statement by Sahama (1945 a, p. 69)
that the whole material used by him for a geochemical study of South Lapland
proved entirely devoid of caesium. According to Sahama (1945 b, p. 50) it might be
possible . that this element is relatively rarer in the Finnish Archean than in the
Variscan granites. In my belief, there is no reason to doubt that this might be
otherwise. However, the quantity of facts needed to prove the correctness of this
assumption must be greater than that furnished by Table V.

As to the relative amounts of (s in the Finnish Archean granites, the rocks of
Kalvola and Hémeenkyrd seem to occupy a special position. This might perhaps
be due to the fact that they are serorogenic granites, in the formation of which the
juvenile component of magma may have played an important role.

Strontium and barium. The facts collected from the papers published by
Noll (1934), v. Engelhardt (1936), van Tongeren (1938), Landergren (1943), Wager
and Mitchell (1943), and by Sahama (1945 a and b) are presented in Table VI, p. 30.

According to Noil (1934), strontium is an element typical of syenitic and alkali
svenitic magmas, and shows no great variations in the intermediate and acidic mem-
bers of the calci-alkalic rock series. The amount of this element in Pre-Cambrian
granites and leptites of IFfennoscandia seems to Le fairly uniform, with occasional
maxima in some exceptional leptite type and in the Hetta granites of South Lap-
land (¢f. Sahama, 1945 a, p. 38). As to the younger rocks, the Variscan and Meso-
zoic granites and the Tertiary granophyre contain, on an average, somewhat larger
amounts of this element in favor of our hypothesis, and the rather high content
of strontia in the granites of the Dutch East Indies must be especially noted. The
question of the occurrence of strontium — and barium - - has aroused considerable
interest among petrologists. As stated by Hillebrand and Lundell (1929, p. 649),
the igneous rocks of the Rocky Mountain region show much higher average per-
centages of these metals than do the rocks of the eastern and more western parts
of the United States. 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 factors
controlling it are still unclear, geographical distribution being, however, important.
The rocks of Bast Australia are abnormally poor in both oxides, especially in SrO,
while the pyroxenites of India are conspicuously rich in SrO. It must be taken into
consideration, however, that these authors pay no special attention to the granites,
merely dealing with the separate areas as petrological units.

Seeing that all chemical strontia determinations cannot claim a high accuracy
for reasons referred to by Noll (1934, p. 512), such values available of some Pre-
Cambrian granites of South and East Finland will not be consulted here. If the
theory of the origin of granitic magmas by a partial re-fusion is adopted, the fairly
uniform strontia content in the Finnish Archean granites may be explained as a
result of the considerable diadochic replacement of (fa by Sr in mineral lattices,
in virtue whereof the greatest part of this element will be retained in the insoluble
residue after the squeezing out of the granitic liquor rich in potassium.

Barium, on the other hand, seems to be present in the rocks of South Lapland
in higher amount than in the Swedish leptites, but the average amounts in the
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former are fairly uniform. Strong enrichment can, in addition, be established in the
rapakivi granites, as stated by Sahama (1945 b, p. 49), and the Paleozoic and Meso-
zoic granites as well as the Tertiary granophyre are generally further enriched in
this element. These facts again seem to be in favor of our hypothesis.

Radium. A relatively large number of radium determinations in granites
have been presented in literature. The investigations may be divided into two
chronological groups, the first of which includes the earlier works by Joly (1912),
Smeeth and Watson (1918), Poole (1920), 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 these papers, they seem to be very inconsistent. The radium contents
will be listed in Table VII on pp. 31—32.

Consider now the Ra contents listed in Table VII. It is evident that no general
conclusions can be drawn from the Ra values, due to their great inconsistency. In
the Finnish Pre-Cambrian granites the values presented by Poole and Joly, when
compared with the recent values by Piggot, appear to be much too high. The Poole
and Joly values from thé Lewisian complex of North Scotland and those presented
by Smeeth and Watson of the Mysore rocks of India might, however, be better
comparable with the Fennoscandian valuez. No great differences can be established
between the granites belonging to the Pre-Cambrian orcgeneses on the one hand,
and those of Variscan and Alpidic mountain cycle on the other.

To compare the various granites more intimately with one another, it is very
difficult to establish any differences in the Ra content of the Sveco-Ifennian prim-
orogenic and serorogenic granites in Finland. In the primorogenic granites the
radium content seems to be quite low, but the amount of this element in the seroro-
genic granites of the second granite group in Sederholm’s classification is evidently
not much higher, if some rocks with what seems to be an addition of juvenile
material are left out of cohsideration, 4. c., the granites of Kumlinge (with a biotite
high in Ra; cf. Piggot, 1938, p. 228), Lavia, and Kuru. Also the Tranas granite in
Sweden shows an abnormally high radium content, as pointed out by Barth (1938,
p. 244). The postorogenic granites of South Finland.(Ava, Obbniis, Onas) seem
to be fairly coherent in their radium content and it may be of a certain interest to
note that the Ra content in the Port Manvers »strawberry granite» of Labrador,
which, according to Kranck (1939, p. 23), closely resembles the Obbnis and Onas
rocks, is of the same order of magnitude as well. As to the radium content of the
rapakivi rocks, the recent determinations show percentages decidedly lower than
the older ones, thus undermining the belief that they are among the most strongly
radioactive rocks. Accordingly, the views presented by Backlund (1938, p. 394)
as to the origin of these rocks seem largely to be deprived of their point.

According to the results presented by Poole and Joly (op. ¢it.) the radium con-
tent in the Lewisian granites and orthogneisses might be quite stable. Inthe granitic
rocks of the Kolar Gold Field in Mysore, India, there seem to he also some chrono-
logical differences in the Ra content, but in these details the interested reader is
referred to the original paper by Smeeth and Watson (1918).

The high Ra content in the Stone Mountain and North Jay granites of the U, S.
is, according to Piggot, due to the presence of radioactive minerals.

On the whole, there do not seem to be too great differences in the radium con-
tent of granites of different ages. This may, perhaps, be explained by taking into
account the addition of material brought up by juvenile magmas. Thus the amount
of radium originally present in a Pre-Cambrian primorogenic granite and almost
extinet in the course of time may gain a substantial increase by the introduction
of juvenile magmas during the subsequent period of mountain folding and, accord-
ingly, may to-day come up to the radium content of a Mesozoic or younger granite,
derived as a product of crystallization differentiation from a big magma basin.
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Scandium, yttrium, and the Rare Earths. According to Gold-
schmidt (1937 b) these elements form a highly coherent group. Spectrographic
determinations of the above elements, suggested for use as Index or Pilot Elements
in the geochemical classification of the Pre-Cambrian granites of Finland by Sahama
and Rankama (1938), have been carried out in rather large number by van Ton-
geren (1938), Sahama and Viahitalo (1939), by Sahama (1936, 1945 a and b); a few
are presented by Goldschmidt, Hauptmann, and Peters (1933). The percentages
will be given in Table VIII on pp. 33-—35. Except for Sc and Y, which are found
most abundantly in basic igneous rocks, this table contains the values only for La,
(e, and Nd, the most common of the rare earth elements in rocks.

There seem to be no substantial differences in the Se 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 seandium favors basic magmas entering the mineral lattices
as Sc? 7, replacing Mg2* (¢f. Goldschmidt, 1937 a, p. 34), the amounts of this
element mobilized during the anatexis from the ferromagnesian minerals to the
palingenic granites must be quite negligible.

Inregard to yttrium, this element in South Lapland rocks according to Sahama
(1945 a, p. 52) favors the basic igneous rocks, as does also scandium. As may be
seen from the figures presented by the said author (op. cit., p. 51), the yttrium
content in the older gneissose granites and granite gneisses 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 Finland
present the contrary case. It must, however, be taken into account that these gran-
ites were explicitly chosen for analysis as comparatively rich in the Rare Earths.
Accordingly, there seem to be no striking differences in the yttrium content of the
Finnish Pre-Cambrian granites.

“Compared with the Pre-Cambrian granites, the Variscan granites seem to be
decidedly impoverished in yttria. As to the Mesozoic granites of the Dutch East
Indies, there seems, at least, to be a tendency towards impoverishment in yttria,
more marked in the Sumatra and the New Guinea granites. The Y,0, average in
the Dutch East Indies, calculated on the basis of the values set forth in Table VIII,
is 0.0035 9%. However, it is evident that the samples include granites exceptionally
rich in yttria, as may also be seen from the general lanthanide composition of the
rock samples investigated, and accordingly the above value might well represent
the maximum average.

Leaving aside the exceptionally high content of the Rare Karths proper in the
analyzed Archean granites of South Finland, it seems to be evident that the gran-
ites richest in Rare Earths can usually be found among the yvoungest granites,
although also the older ones may sometimes contain appreciable amounts of these
elements, as has been stated already by Sahama and Rankama (1938). As to the
fluctuations in the Rare Barth content in South Lapland granites, the analyses of
the standard mixtures carried out by Sahama (1945 a, pp. 38, 39) give the following
results, expressed in percentage:

La,0y CeO, Nd,04

Gmeissose granites and granite gneisses .. 0.003 0.006 0.003
Hebba. granibos i .ic oo oo e s oo ivms e s me s 0.006 0.006 0.003
Young gronites ...swsassmimsrmsessssdss 0.008 0.01 0.01

It thus becomes evident that there exists a rising tendency in the content of
the lanthanides from the older towards the younger granites. This tendency, how-
ever, can only be very poorly discerned according to the only too few analyses pre-
sented in Table VIII.
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In the Late Pre-Cambrian rapakivi granites the Rare Earths are very conspi-
cuously enriched when compared with the older Pre-Cambrian granites. As stated
by Sahama (1945 b, pp. 47, 48), the case as regards the youngest Archean granites
does not seem to be quite clear, but the rapakivi granites are, in any case, relatively
rich in these elements.

No facts are thus far available on the lanthanide composition of Paleozoic granites.,

The comparison of the Archean granites of Finland with the Mesozoic granites
of the Dutch East Indies is greatly restricted by the exceptional nature of many
samples of the former. When the average percentages of the latter, »iz.

Lilz()3 .............................. 0.0035 o5
CegOs trssesesssminsinonscseinvissos 0.0045
I Qs s o1 ononomsries o o w1l 2 0% alracie o snime o e e e 0.003

are compared with the South Lapland averages. they would quite nearly represent
the values for gneissose granites and granite gneisses. On the whole, we must con-
clude that the Dutch East Indian granites would seem to be what can be termed
rocks remarkably poor in the Rare Earths; Sumatra, New Guinea, and many of the
lesser islands furnishing the biggest number of samples leading us to this coneclusion.

Zirconium. The ZrO, percentages presented in Table IX (p. 35) are furnished
by van Tongeren (1938), Wager and Mitchell (1943), and by Sahama (1945 a and b).
In order to obtain values more comparable with one another, only percentages
determined by the aid of spectrographic methods have been included in this table.

Based on these values the following conclusions can be drawn.

The distribution of zirconium in the granites of South Lapland seems to be quite
uniform. According to Sahama (1945 a, pp. 38, 40) the Hetta granites, on an aver-
age, contain somewhat less ZrO, than the other granites. However, thi difference
does not seem to be too well-developed. The zirconium contents of the rapakivi
granites are decidedly higher, but the Mesozoic granites of the Dutch East Indies
seem to be well comparable with the Pre-Cambrian granites of South Lapland. No
support for the present hypothesis can thus be obtained by the aid of the zirconia con-
tent, but we might, perhaps, take into account also the fact that zirconiumis an
element more typical of syenitic residual magmas than of granitic ones, and that
the mineral zircon, being insoluble and highly refractive, will forward only neglighle
amounts of zirconia to palingenic magmas produced by differential anatexis.

Hafnium. Only a single hafnium determination, suitable for the present
purpose, has been thus far published, »iz. that by Sahama (1945 .b) of the hafnium
content in East Fennoscandian Rapakivi Standard Mixture.

Thorium. D>terminations of this element in granites have been carried out
in rather large number by Joly (1912) and by Poole and Joly (1924). They have
been carried out by the use of methods based upon radioactivity measurement. In
addition, determinations based upon chemical pre-enrichment with a subsequent
X ray spectrographic analysis are presented by Sahama and Vihitalo (1939) and
Sahama (1945). A single spectrographic determination has been given by 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
certain reserve. As to the values arrived at by radioactivity methods, 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 a critical examination, if the possible contamination of
platinum vessels by thorium is considered as a potential source of error, due to the
same causes as contamination by radium. However, with these factors urging to
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caution in mind, we may nevertheless statc, that the Pre-Cambrian granites of Fin-
land, save for occasional exceptions, are lower in thorium than the rapakivi rocks,
but that the Lewisian of Scotland shows, perhaps, a still lower thorium content,
its average being 0.00126 p. ct. ThO,, as caleulated from the analyses. (‘ompared
with the Lewisian average, the Alpine gneissic granites would seem to be a little
higher in thoria.

Vanadium. The material for the following Table XT, on p. 36, is furnished
by the investigations carried out by van Tongeren (1938), Rankama (1939),
Landergren (1943), Wager and Mitchell (1943), and by Sahama (1945 a and b).

The V,0; averages given by Sahama (1945 a, p. 39) for the three granite groups
of South Lapland are identical (0.003 %). Compared with one another, which,
owing to the irregularities in the intensity of the V line 4379.24 pointed out by
Kvalheim (1941), must be done with due caution in some cases, no well-marked
differences in the vanadium content of the Archean granites become visible. The
high V content of a leptite from Gréingesbergsfiltet is clearly exceptional and might
be attributed to the hematite content of the rock in question. No concentration
of vanadium in the Late Pre-Cambrian rapakivi granites can be established, but
the Mesozoic granites of the Dutch East Indies would seem to carry a somewhat
higher amount of this element.

As in the case of S¢ and Y, we must also here remember that vanadium is not
characteristic of granitic rocks, but occurs especially enriched in the more basic
rocks of gabbroic composition. ]

Niobium (columbium). The niobium determinations available in respect
of granites are limited strictly to the Pre-Cambrian. The figures, reproduced in
Table XII (on p. 37), are based upon the results published by Rankama (1941)
and Sahama (1945 b).

The figures presented in Table XII, due to their scarceness, allow of but one
conclusion, which seems to point to a quite regular occurrence of this element in
the Pre-Cambrian granites of FKast IFennoscandia.

Tantalum. As in the case of niobium, also the tantalum determinations
available have been made exclusively of Pre-Cambrian granites. The percentages
will be given in Table XIII, p. 37, and they are reproduced from Rankama (1941
and 1944) and Sahama (1945 b).

I have shown in an earlier paper (Rankama 1944, p. 69) that in the granites
belonging to the Sveco-Fennian mountain cycle of South Finland the tantalum
content increases with decreasing geological age. For further details of these de-
duections, largely based upon the use of the maximum possible content of tantalum
in the rock samples, the interested reader is referred to the original paper mentioned
above. In Table XIII two serorogenic granites are remarkable for their high tan-
talum content, viz. the microcline granite from Tammela and the porphyritic granite
from Kankaanpii. In these an addition of juvenile material on a larger scale than
usual might well be suggested.

The rapakivi granites, according also to their tantalum content, form a coherent
group, independent of the older Pre-Cambrian granites, as is shown both by their
geological occurrence and their petrological properties.

Chromium. The material for Table XIV, on pp. 37—38, is furnished by
the following investigations: van Tongeren (1938), Rankama (1939), Wager and
Mitchell (1943), and by Sahama (1945 a and b). -

The first impression obtained from Table XIV is that of a universally low chro-
mium content in granites of various ages. Excepting the granulites, which show a
considerably higher content of this element, its amounts in leptites, " Archean and
rapakivi granites, and in the Mesozoic granites seem to be quite well comparable
with one another. The possible reason for this behavior may be found in a state-
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ment by Goldschmidt (1937 b, p. 662), according to which chromium is not character-
istic of residual magmas, but is strongly concentrated in the early differentiates
crystallizing out of a magma. Accordingly, this element seems to be of little value
tor the present purpose.

Molybdenum, tungsten. Nothing positive is known about the amounts
of these elements in granites.

Cobalt and nickel. The percentages of these elements in granites will be
presented in Table XV (on p.38). The values are quoted from papers published by
van Tongeren (1938), Rankama (1939), Landergren (1943), and Sahama (1945 a and b).

As is known from the report by Goldschmidt (1937 b, p. 662), both these elements
are especially enriched in basic rocks. Accordingly, they are not elements character-
istic of magmatic rest liquors giving rise, 7. @., to granitic rocks. Seeing that the
content of these elements is not subject to great fluctuations, their use as Index
Elements for the present purpose is out of the question.

Zinec. The spectrographic data concerning the distribution of this element
are too scarce to allow of any conclusions being drawn. The Pre-Cambrian granites
of Huopalahti, Leppivirta, and Nattanen, Sodankyli, all in Finland, contain o.02,
0.01, and 0.03 9%, ZnO, respectively (Rankama, 1939) while the Mesozoic granite of
P. Nongsa in Riouw- Lingga Archipelago, Dutch East Indies, contains c.1 9% ZnO
(van Tongeren, 1938).

Gallium. It has been suspected by Sahama and Rankama (1938) that the
changes in the content of this element in the Finnish Archean aie relatively small.
To illustrate this, the results of gallium determinations in Finnish granites, as given
by Rankama (1939) and Sahama (1945 a and b) will be presented in Table XVI,
p. 39, completed with other determinations by Goldschmidt and Peters (1931), van
Tongeren (1938), and by Wager and Mitchell (1943).

In all Pre-Cambrian granites the Ga,O; content has been found to be uniformly
0.01 per cent. In Paleozoic granites the amount is decidedly lower, but it does, on
the other hand, rise again in Mesozoic granites. Accordingly, there seem to be differ-
ences between the Pre-Cambrian and younger granites as to their gallium con-
tent. Taking into account the enrichment of gallium not only in granites but also
in acidic plagioclase rocks and nepheline-bearing rocks, as stated by Goldschmidt
and Peters (1931), we may say that the role played by this element during the geo-
chemical differentiation in the earth’s erust cannot be definitely deciphered.

Germanium. The germanium values for certain granites frcm the papers
by Goldschmidt and Peters (1933), Rankama (1939), and Sahama (1945 b) are pre-
sented in Table XVII on p. 39.

According to Goldschmidt and Peters (1933) germanium is found especially
enriched in residual magmas. As for granites, the few determinations available
wonld seem to point to a rising content of this element towards the younger gran-
ites, in favor of the present hypothesis. It must, however, be taken into account that
the germanium content in the rapakivi standard mixture was too low to allow of
the determination being made without a chemical pre-enrichment, and that according
to Sahama (1945 a) the Ge content in South Lapland rocks is evidently less than
0.001 Y% GeO,. Accordingly, it may well be possible that future investigations will
reveal the above deductions to be merely guesswoik,

Tin. No positive spectrographic determinations of the tin content of granites
are available for the present purpose.

Lead. The values presented in Table XVIIT, on p. 39, are based upon

nvestigations by van Tongeren (1938), Rankama (1939), and Sahama (1945 a and b).

As is known, lead is often found concentrated in granites. If the lead content
of the Pre-Cambrian granites is considered, with due attention paid to the PbO
averages for South Lapland as presented by Sahama (1945, p. 39), it will become
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evident that the highest lead contents are shown by the youngest Archean granites
of South Lapland. In the Late Pre-Cambrian rapakivi granites the lead content
is still higher (cf. Sahama, 1945 b, p. 51), while the Mesozoic granites are compar-
able with the youngest South Lapland granites (average o.003 9% PbO).

GLOBAL GEOCHEMISTRY AND THE EVOLUTION OF THE
) EARTH’S CRUST.

Looking back to Tables I XVIII presented in the previous chapter
and to the discussions connected therewith, there seems to appear a tend-
ency towards a certain number of elements, peculiar to granites, occurring
in these rocks in amounts increasing with the decrease of the geological
age of the rock. These elements would include the following: Li, Be, Rb,
(s, Ba. Rare FEarths, Ta, and Pb, the evidence for the last three being,
however, restricted exclusively to Pre-Cambrian granites. There seems
also to be some evidence indicating the occurrence of some elements 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 as Pilot Elements
the purposes of a geochemical classification of granites, connected with
the determination of the absolute or relative geological ages of these rocks.

The secular migration of the elements. mentioned above (on p. 7)
as the possible cause of the variation in the amounts of some trace ele-
ments present in granitic rocks, is supported by the migration history of
the above elements. Accordingly, T feel myself entitled to put 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 phases of re-melting of the solidified
parts of the solid crust thus far formed. Here evidently 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 crust, this process
continuing through the geological eras.

No traces have ever been found of the initial consolidation crust of
the earth. The Larly Pre-Cambrian leptites, belonging to the oldest
Archean periods, already represent a rather high degree of differentiation.
Their original make-up as tuffs and lavas, as claimed by various Swedish
geologists, would render necessary that they should be regarded as late
stages of residual crystallization. As stated by Eskola (1932 a, pp. 69, 70),
their chemical character would presuppose the existence of granites or
granite gneisses. situated next before the leptites in the differentiation
series and nowadays, perhaps. exposed as the vast granite gneiss areas
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of West Sweden and East Karelia. A general picture of the conditions
during remote Archean 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 crystallizing
granitic magma.

By the above considerations set forth by KEskola, we might be able to
picture the first consolidation crust of the earth as one of granitic compo-
sition, according to Eskola’s leading principle: »Aus einem Gemisch von
Fliissigkeit und Kristall steigt die leichtere Phase autwirts» (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 connected with this
differentiation during an Archean revolution period, say, the Sveco-Fennide
orogenesis.

According to Wahl (1936 a and b, 1943) the story of the granites
connected with any mountain chain can be told in the following way:
The first 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 mostly 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 granices, formed through
palingenesis of older rocks, including primorogenic granites, take an active
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 serorogenic granives, the general tendency
during the re-melting will work towards enrichment of high-melting or
poorly soluble minerals in the residue, while the low-melting constituents
are the first ones to re-fuse, wiz. 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 (ypotash feldspar, quartz, albite, and perhaps some minerals rich in
Fe in relation to Mg») are furnished with the highest chemical activities,
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 the other agents minéralisateurs
evidently needed in large amounts for the formation of the comparatively

7913/45 3
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liguid serorogenic granite magmas of pegmatitic character have, according
to Wahl (1943, p. 214), been collected from the material 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 effective 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. I
have discussed in a previous 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 ! with the idea in mind
that a granitic magma formed by re-fusion might most easily and natu-
rally be derived from the granites themselves. The resulting anatectic
granites I 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 the
Sveco-Fennide orogenesis. As to their minor elements, I have suggested
that a relative concentration of those found to be present in the re-fusible
minerals of the mother rocks might well be expected 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-Fennide
orogeny in a larger way.

During the processes of mountain folding in the outer silicate shell
of the earth, the phenomena acting in the vertical direction evidently include
a self-repeating ever-recurring granitization. With the formation of the
first mountain chain 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 magma tends to rise into the upper-
most parts of the crust, on its way metasomatically altering the over-

1 A similar conclusion, based on similar principles and suggestions, has been
presented by Holmes (1926) in a paper which, due to War-time conditions, has not
previously been available to me. Holmes’ results may, however, be considered as
purely fortuitous seeing that he uses the average chemical compositions for the
different granite groups in Finland, including the rapakivi granites, as expressed
by Sederholm (1925, p. 4) who does not divide the granites of the various orogenic
cycles into separate groups.
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lying rocks. The orogenic movements may also have opened the way
from some large crystallizing magma chamber, by which action the last
granitic residual magmas contained therein have the chance of a juvenile
rejuvenation of the palingenic magma. These processes. including the
slow chemical ones aiming at the attainment of complete thermodynamic
equilibrium during the development of the crust, viz. dispersion, migration,
and consolidation, according to Ramberg (1944, p. 111), are thought to
be reproduced during the whole orogenic history of the earth, and it might
thus become evident that the intrusion of granites upon granites, whether
truly magmatic or palingenic. will greatly add to the acidic character of
the outermost layers of the silicate shell of the earth. As a matter of fact,
granites and granodiorites are found to constitute 95 per cent of all known
areas consisting of intrusive rocks.

As to the role played by the trace elements listed above (on p. 16)
during such a process of global scale, the first group, consisting of the
elements Li, Be, Rb, Cs, Ba, Rare Earths, Ta, and Pb, is extremely
characteristic of granitic magmas, and pegmatitic or hydrothermal residual
liquors. During differential re-fusion of older rocks these elements, if
present, evidently would tend to concentrate into the anatectic magmas
containing the constituents of the low-melting and easily soluble minerals
of the parent rock entering their lattices owing to the diadochic replace-
ment. Assuming the parent rock to be granitic, it would already in the
beginning contain considerable amounts of these elements. as has been
shown by the mineralogical geochemistry of the same for which, as a group,
the term granitophile elements may be coined. Thus the
anatectic rock would be considerably richer in these elements. By a
continuous series of such reactions an enrichment of these elements, carried
out by Nature herself, will be effected in the outermost parts of the litho-
sphere during the march of geological time.

On the other hand, the presence of another group of trace elements
may be suggested, all of which show a marked tendency towards secular
impoverishment in the outermost parts of the lithosphere. These elements,
true shunners of the granites, may be called granitophobe, and
they are represented, until the presence of others can be established, only
by yttrium. The behavior of this element during anatexis can be ex-
plained by the easy diadochic replacement of calcium by yttrium, as stated
by Sahama (1945 a, p. 52), in virtue of which property this element will
be relatively concentrated in the residue after differential re-fusion, seeing
that the soda-rich members of the plagioclase series will be present in
the anatectic magma. The group of granitophobe elements would include
all the siderophile and chalcophile ones, separated into the inner spheres
of the earth in the primordial first geochemical differentiation.

The division of the igneous masses into those of juvenile and palin-
genic origin, as presented by Eskola (1932 b, p. 475), might be recalled
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here; the masses genetically connected with large ore bodies or skarn
masses at their contact can be suspected to be mainly juvenile, while
sterile masses are rather of palingenic origin.

The application of regional geochemistry to global scale will thus lead
us to the assumption of a continuous migration in the outermost parts
of the lithosphere, causing the secular increase in the amounts of some
compounds, 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 granitic crust of the
earth, until a limit is set by the proceeding refrigeration of the earth.
This is the fifth geochemical differentiation.

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
the granitophobe elements back to their more proper environments, the
subjacent basaltic layer. Thus, it has been assumed that the primary
distribution 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. As a present
day instance, the abundance of uranium and radium in some parts of
the Pre-Cambrian of Canada, compared with the quite rare occurrence
of these elements in the similarly Pre-Cambrian granites of Finland may
be quoted. We shall submit these views to a closer consideration.

A possible explanation of this difference can, perhaps, be sought 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 subsequent differences in their minor element composition.
However, as stated by Lindgren (1928, p. 139), the zonal theory upon
close examination seems to be a rather weak structure. ‘

Perhaps a more generally acceptable explanation for the above discre-
pancy may be found in regional geochemical differences in the content of
the trace elements in the earth’s crust. There are numerous examples of
element associations characteristic of certain chemical elements in certain
geographical zones, termed minerogenetic and metallogenetic provinces
and regions, or, according to Fersmann (1929, p. 5), geochemical provinces.
The chronological connection of the element associations with certain
sequences of geological happenings leads to the concept of metallogenetic
or geochemical epochs of the earth lore.

However, the primary differences in the content of certain elements,
pronounced as they may have been, will most certainly tend to decline
during geological time, if the theory of the secular migration of the elements
is adopted. That this process so far has not resulted in an even division
of the elements may be seen, e. g., in the distribution of the Rare Karths
in the Dutch East Indian granites (c¢f. Table VIII on p. 33).
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GEOCHEMICAL CHARACTER OF THE PRE-CAMBRIAN IN
FINLAND AS ILLUSTRATED BY ITS GRANITES.

Tt 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
and later rocks. No mutual understanding has been thus far reached in
regard to the fundamental differences. It has been suggested by Daly
(1933, p. 423) that igneous activity during Archean times would have
taken forms peculiarly its own with, according to Alling (1936, p. 254),
gradational changes during later times, seeing that the evolution of the
earth is characterized by great differences peculiar to various geological
epochs.

Leaving aside the discussion of the origin of the Archean and later
granites, we may direct our 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 elements, called by Fersmann the natural
geochemical combination of elements. The comparison of such associa-
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
as one of the examples of areas in question.

As is well-known, one of the most conspicuous petrological features of
the Pre-Cambrian terrains is the large areal extension of granites, per-
ceptible ad oculis, more than nine-tenths of the area of the world’s gran-
ites and orthogneisses belonging to the Pre-Cambrian. Accordingly, the
geochemistry of the Pre-Cambrian is largely
identical with the geochemistry of the granites
contained therein. Seeing that the Pre-Cambrian eras cover the
greatest part of the geological time-table of the earth, we must readily
‘share the opinion of Landergren (1943, p. 67) that it might be very im-
portant, from a geochemical point of view, to become well-informed con-
cerning the migration of the elements in the upper parts of the lithosphere
during Pre-Cambrian time.

The Pre-Cambrian granites are among the rocks best known as to
their geochemical features. A comparison of the contents of trace ele-
ments in the Archean granites on the one hand, and the Late Pre-Cambrian,
Paleozoic, and Mesozoic granites on the other, will reveal for many litho-
phile elements — besides 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
sgraniter very poorly characterizes many of the rocks in question, and
that the magmatic processes, e. ¢., the addition of juvenile ichors, and
regional metamorphism, such as granitization, metasomatism, and mieta-
morphic differentiation, will lead to an addition or subtraction of material,
or both, these processes being highly characteristic of Archean times,
while the Post-Archean geology tells little or nothing of regional palin-
genesis or anatexis near the earth’s surface (c¢f. Daly, 1933, p. 294).

However. there are still too few points of comparison between the
Avchean 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 available especially
as regards the Caledonian and Variscan granites, will reveal a clearer
picture of the interrelations of the Archean and younger granites in re-
spect of their content of the trace elements.

'RETR()SPECT AND SUMMARY.

Based on the variations in the content of certain trace elements in
granites of various geological ages, the theory of secular geochemical differ-
entiation in the earth’s crust is presented in the above pages. The ma-
terial for the present study has been furnished by spectrochemical anal-
yses of granites carried out by different authors, the differences in their
modus operandi setting certain limits as to the equality of the values ob-
tained. The rock material in question. the granites, may reveal, as a group,
considerable inconsistencies due to the fact that the petrological and gene-
ral chemical character of a very large proportion of the material is un-
known. Attention may be given to a statement by Sahama (1945 b, p.
38) that the term »granite», when used in geochemical investigations, is
generally understood 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 analyses of standard mixtures of granites have also been ex-
ploited for the present study. It must be taken into account that analyses
of such mixtures, taken from rocks without attention to suitable geolog-
ical or chronological backgrounds, will be of importance only for purposes
dealing with the determination of the mineralogical and petrological geo-
chemistry of the various elements.

It has occasionally been necessary to discard analyses, due to the lack
of suitable geographical or chronological data.

It will also be evident that the products of both magmatic and meta-
morphic differentiation, camouflaged in the material, will affect the anal-
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ytical figures also in regard to the minor elements. The degree of meta-
morphism should accordingly always be duly recorded.

As in many earlier geochemical investigations, attention has also in
the present case been paid only to igneous rocks. With regard to the
possible use of metamorphic rocks, we may state that their geochemistry
is known very poorly indeed, and accordingly the results obtained by
their study cannot, at present, be of any greater geochemical moment.
However, if the biography of the metamorphic rocks is adequately known,
noteworthy results may be obtained, as is shown by the recent investi-
gation of the trace elements in the rocks of Southern Lapland, carried out
by Sahama (1945 a). ‘

As will be seen from these considerations, the above picture of the
present theory is greatly obscured by the lack of much needed data. To
describe multa paucis it seems, in any case. to be possible to introduce
the concept of a geochemical migration of the elements on global scale,
by choosing the largest possible unit for phenomena usually thought to
occur in smaller units of the earth’s crust. Instead of the term »regio-
nal geochemistryy that of »global geochemistry» can
thus be coined.

The evidence presented in Tables 1— XVILI on the following pages
seems to point to a secular migration of some minor elements in the
earth’s crust, the group consisting of Li, Be, Rb. ('s, Ba, Rare Earths,
Ta, and Pb (granitophile elements) increasing in its content
in granites originated during the later steps of the march of geological
time, while the content of yttrium, thus far the sole representative -of
another group of elements (granitophobe elements), decreases
with the decline in the geological ages of the elements. These views
are set forth on the foregoing pages in detail, consistently seeking
support from the theories of granitization and differential anatexis pre-
sented by Hskola, and from the principles of the division of the granites
given by Wahl. The continuous secular migration in the outer part of
the silicate crust of the earth is termed the fifth geochemical
differentiation; it is described as a phenomenon pushing the
siderophile and chalcophile (granitophobe) elements back into the ba-
saltic substratum, distilling and sublimating the granitophile elements into
the granitic crust of the earth.

Based on the views of the natural geochemical combinations of the
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 efflorescing in the granites of the later geological eras.

Future investigations will evidently reveal whether this theory of the
global wanderings of the elements in the granitic crust of the earth will
stand a critical examination. They may also furnish definitive facts by
which the experimentum crucis of this theory can be executed. In the
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present state of our knowledge of geochemistry this theory may he re-
garded merely as geological philosophy, seeing that its leading principles
are not adequately supported by facts. However, this problem, with all
its difficulties, discloses itself as a fascinating one, and I 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 lacu-
nae in our present geochemical knowledge.

GEOLOGICAL SURVEY OF FINLAND;
GrocHEMICAL LABORATORY, THE MINERALOGICAL AND GEOLOGICAL
InsTiruTE OF THE UNIVERSITY, HBELSINKI, OCTOBER, 1945.
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TABLES.

TABLE I
I Rock | Locality )l Age Li,0 %
I ‘ T
‘ vatitv, hematite-bearing ... ' Gringesbergsfiltet, Early Pre-Cambrian r‘ 0.004
‘ Sweden 1
[ Soda leptite ................ » » » | 0.002
| Potash  leptite, magnetite- ‘ 1
DEATING * wioisii s ¢ wvsmmormiaissd & ¢ » » » | 0.004
Leptite, magnehto-bmrmg 77 » » \ » | 0.006
Gmeissose granite ............ Sodankyli, Finland Pre-Cambrian | 0.0001
‘ » e Savukoski, » » | 0.005
| » R e T N P » » | » 0.01
| Gueissic granite ............. Kittili, » ‘ » ‘ 0.006
[ Gramitie vsiee  sscmpmnsss Savukoski, » » | 0.02
‘ (Jr.muhtv ................... Sodankyli,  » » | 0.005
‘ ................... Inari, » » J 0.01
| W | e e se s s salslee v y » | » | 0.001
\‘ Granife < :sawupess o - s 9 Kittila, » » | 0.01
S SN R Sodankyla,  » » i 0.01
‘ » g Augbo B s serdalen s [ Muouio, » » | 0.008
Nattanen granite ..:......... » 0.003
ivi ite porphyry) .. .S.le], IT S. R Late Pre-Cambrian | 0.0047
| Rapakivi granite ............ Iy > » 0.0052
’ » JR PP PE T [ » » » 0.0062
» IS v, T ST } Suistamo, » » 0.0052
Rapakivi Standard Mixture .. East Fennoscandia » 0.0050
| Biotite granite .............. Heggedal, Norway Post-Silurian 0.0035
| Granite Standard Mixture ...| Germany Variscan 0.039
» » » ... Saxony, Germany » 0.1 —o0.1§
Gramite: .. sowomse s ses Henneberg,  » » 0.015 —0.02
[ Granites™ . iccsommmagesanzas Dutch East Indies Mesozoic 0.01
| Granophyre ................ Skaergaard, Greenland | Tertiary | 0.0015
TABLE II
Rock I - Locality Age BeO 9%
|
| Leptite, magnetite-bearing " Gringesbergsfiltet, | Barly Pre-Cambrian 0.0022
| Sweden ‘
Gramite - : - s cwmmis 5 5 vsmEm o | Huopalahti, Finland Pre-Cambrian | <<o.001 |
A Leppitvirta, » » 0 ’
| Gneissose granites and granite| South Lapland, Fin- ‘ \
gneisses, average .......... | land » 0.0003 }
I letta granites, average ...... | » » | 0.0003
' Granuhte%, AVETAZE voevovn..n ‘ » » <0.0003 I
| Younger trramtes, average ... » » 0.0003
Nattanen granite ............ Sodanky la, leand » | <<0.001
}ded‘\l\l (granite porphyry) .| Salmi, U. 8. 8. R. Late Pre-Cambrian | 0.0003 \
| Rapakivi granite ............ [ » » » ’ 0.0003 f
» B e s st l » » » | o |
\ » I LT YWy [ Suistamo, » » | 0
| Rapakivi Standard Mixture ..| East Fennoscandia » | 0.001
Granitite: . : owaemes o8 veweugs .| Heggedal, Norway Post-Silurian | ©0.001 —0.01
Hypersthene granite ........ | Stalheim, » Caledonian (?) | <o.001
HETanIte: ...« . .. convmas e oo e | Brocken, Germany Variscan : 0.001 —0.01
! W N w s b d R s S | Wunsiedel, » » | 0.001
R L R TP P ) ’ Hauzenberg, » » ; 0.001
Hornblende granite .......... Kirnecktal, » » | <o.001
Granite Standard Mixture | » » | 0.002
Cramite: sios s » smisisim s i | Graustein, Austria Alpidie (?) | <0.001

1 Of 49 granites, 17 have a uniform Li,O content of 0.01 %, while in the rest the Liline is
not present.
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TABLE III

Rock Locality Age ]5?}?3
F Gneissose granite ........... Sodankyli, Finland Pre-Cambrian 0
1 » L o A Savukoski,  » w » 0.001
» P! waaceseisiel sida \ » » » (8]
Gmeissic granite ............. | Kittili, » » 0
’ GIANTES) ol o Ceilinessligslone < “ Savukoski, » » 0
| Granulite .........oovuenen.. | Sodankyli, » » [ 0
B e beuma s \ lndn » » 0
| B 5ieeesaniddemme s ds i ’ » » | 0
VEEANTER " . oo toereionditonaete afawe 5 ]x'ittilii, » » 0
! SN L . S Sodankyli, » » j 0.001
' BN B 99 Smate Muonio, » » | 0
Nattanen granite ...... .| Sodankyld, » ‘ » 0
1 Rapakivi (granite ]m1phvr\) .| Salmi, U. 8. S. R. ‘ Late Pre-Cambrian 0.001
| Rapakivi granite .......... » » ! » 0.001
» ) S P [ » » l » 0.001
» B oreis ae s a s ses Suistamo, » | » 0.003
Rapakivi Standard Mixture Kast Fennoscandia 1 » 0.002
Biotite granite .............. Heggedal, Norway f Post-Silurian 0.001
Granite Standard Mixture Germany Variscan 0.001
TABLE IV
I RH.0 \r
Rock Locality Age l o |
j | {
Leptite, hematite-hearing .. Griingesbergstiltet, | Early Pre-Cambrian 0.09 ‘
| Sweden
Soda leptite ... s vesommesss ‘ » » » 0.004
Potash ~ leptite, magnetite-| ]

DeATING . cajaitiosis o v osmsoiwio ocn } » » } » 0.22 ‘
Leptite, mamvtlto bearing » » 1 » <0.0003 |
Potash Iepﬁte .............. » » | » 0.003

i L e a8 asueneene ool 6 ’ » » ‘ » 0.03
Soda lepbite wmows sos vumm as » » » 0.01

» B, SR eze et STHTS Y ‘ » » ] » 0.04
Oligoclase granite ........... Kisko, Finland Pre-Cambrian 0.03
Granite covmaps s s s spaapies o [Tanko, » » 0.16

P T “ Kalvola, » » 0.13

g W Y PUSERTYT W Hameenkyrd, » » 0.29
Bodom gEranite saweseses o5 v Espoo, » » 0.11 ‘
Lemland granite ............ Jomala, » » 0.07
Ava granite Briindo, » » 0.2
Lamprophyre in A "mnm- » » » 0.07
Onas 2ranite ««sswemms v s | Porvoon pit., » » 0.1 |
Obbnis granite ............. | Kyrkslitt, » » 0.1
Granite ............oeeoi... ; Suonenjoki, » l » 0.08
Maarianvaara granite ...... | Kaavi, » | » 0.11

» B s | Kuusjirvi, » J » 0.08

GETTEE e 1w St Boero g Paltamo, » » 0.05

Dies, " = epmtarnes s osE s ¢ s Stapas Kajaani, » » 0.08
Gneissose granite ............ Sodankylii, » » 0.1 |

» A LT Savukoski, » | » 0.2 }

» B ae parekmaals a | » » ‘ » 0.2
Gneissic granite ............ | Kittilii, » ‘ 5 006 |
GraEnite: T s smee s onsms w Savukoski, » » 02 |
GEATTRLTES? <. .%o s e o e 05 Sodankyli, » ‘ » 0

Wa | et S Inari, » ‘ » 0.05 1
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TABLE IV (CONT’D)
Rock Locality Age Rl’;o ‘!
<
[ Granulite ...............00. Inari, Finland l Pre-Cambrian 0.06 1'|
RETanite st s sasain s | Kittila, » » » ; 0.2 1 o
j O R Sodankyli, » f » 02
R R SRR - S ] Muonio, » | » [ 0.1
\atmn(n BLANIES: sosimimmsisiia o Sodankyli, » » , 0.1 |
Rapakivi granite .......... Kumlinge, » Late Pre-Cambrian | 0.12
» 3 Tkise o o e ‘ Hammarlaml, » ‘ » 0.11
» R R l F U"l() » | » 0.
» B s s e g » » 0.2 |
» » B [mmluml, » ‘ » 0.2 g
» AR ) » » ‘ » 0.2
» R o AN | Vardo, » | » 0.2
» R SR — | Saltvik, » ‘ » 0.2
» R R Im])ilahti, U.S.5. R, | » 0.25
' » B et s sl e » » ‘ » 0.2
Rapakivi (granite porphyry) . .| » » | » 0.1
Rapakivi granite \ Salmi, » » 0.19
i » N | » » » 0.2
{ » B o N e s » » | » 0.08
| Rapakivi (granite porphyry) » » ; » 0.10
‘ Rapakivi granite ............ [ » » » l 0.09
» P Lieemensase y » » | » | 0.12
’ » $ . iisanbeeaies | Suistamo, » | » 0.11
| Rapakivi Standard Mixture ..| East Fennoscandia » 0.16 '
Granite Standard Mixture Germany Variscan 0.091
APHLE cosmmniisies oo s vsmmis s 2 P. Berhala (3. 0. K.) Mesozoic o.n(?)
Pegmatite .................. Oemar Bay, New Guinea| » | on(?)
|\Granophyre: ... .osnase Skaergaard, Greenland Tertiary | 0.1
TABLE V
Rock E Locality Age ! g 'g?.(“)
|
Oligoclase granite ........... |‘ Kisko, Finland | Pre-Cambrian 0
Granite oens . o5 apomesss i Hanko, Ty ] » 0
I ’ J\«leold, » ’ » <0.003
10 nBo a6 D0 aSE G oG l fimeenkyro, — » | » 0.005
Bodom granite: . ... . .eewss s Espoo, » \ » 0
Lemland granite ............ Jomala, » | » 0
Granite .........ccooveennn. » } ) 0
Maarianvaara granite ........ j ]xmv:, » ] » 0
Rapakivi granite ............ Kumlinge, » Late Pxe-bdmbudn 0
» D Mz ¥ s et | Hammarland, » ' 0
Rapakivi Standard Mixture East Fennoscandia » 0
Granite Standard Mixture | Germany Variscan 0.0042
TABLE VI
1
i Rock Locality Age L7y Ego
Leptite, hematite-bearing . | Gringeshergsfaltet, | Early Pre-Cambrian| 0.006 <0.0003
Sweden
{ Soda leptite .....ccevnses » » » 0.0035 0.02
Potash leptite, maﬂ‘netlte-/
‘ ~ bearing » » » 0.001 0.03
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TABLE VI (CONT’D)

[ Sr |
‘ Rock Locality Age 31'5) ! B‘?‘-)O
I ! |
Leptite, magnetite-bearing | Gringesbergsfiltet, ~Iarly Pre-Cambrian| o0.0035 | o0.001
Sweden / |
Potash leptite ........... » » » 0.002 | 0.02
» R » » » 0.02 0.45
Soda leptite ........ g » » » [ 0.007 l 0.03
» $  sysssemeseas » » » | 0.00r | o.01
Gneissose granite ........ Sodankyld, Finland \ Pre-Cambrian 0.003 0.05
» RS Sayu koski, » » 0.003 0.03
( A » » » 0.006 0.03
| Gnels%n( pranifial il Kittila, : » » 0.1 0.1
PETANIEY: vme s oo o ceisiorarns o o Savukoski, » » 0.02 0.07
pGrannlite o .o senknss s Sodankyld,  » » | 0.03 0.1
e o B T R Inari, » » | o.05 0.1
B wessaans Covannaa » » » | 0.003 0.03
Granite oo owsss s mesmoe s Kittili, » » | 0.02 0.1
R OOt e Sodankyld,  » » | 0.003 0.05
* e T e Muonio, » » 0.02 0.01
Nattanen granite ........ Sodankyli, » » | 0.003 0.03
Rapaklw(gmmte porphyry)| Salmi, U.S.S. R. ' Late Pre-Cambrian | 0.003 0.081
| Rapakivi granite ......... » » » | <0.003 0.038
» D s » » » | 0.008 0.14
‘ » B s Suistamo, U. 8. 8. R. » 0.004 0.054
( Rapakivi Standard Mixture| Fast Fennoscandia » 0.012 0.10
| Granitite ............... Heggedal, Norway Post-Silurian | n.d. | o.014
| Hypersthene granite ...... Stalheim, » Caledonian (?) | n.d. | o.12
Pyroxene granite ........ Aardal, » ' » (2 | nd 0.34
‘ IIornblpndo granite ....... meo(ktal Grermany| Jariscan | nod 0.028
| Granite Standard Mixture . » | » | 0.02 0.042
HGramilite: s naienss Gebersbach, » | » | ond. 0.026
| Granite (belongs to the \
charnockites) .......... Zytomierz, Poland ‘ » { n.d. 0.3—I
Granites, average ! ....... Dutch East Indies Mesozoic | 0.06 0.1
| Granophyre ..oo..ooniiins Skaergaard, Green- ‘ Tertiary | 003 0.2
| land |
i - . T L
TABLE VII
Ra |
Rock | Locality Age 10-—12 | Author
‘ e./g.
Granite: swss:issosmiessszaen Enklinge, Finland Pre-Cambrian 1.04 Pi?
Gneissose granite ............ Inga, » » 0.63 Pi
Vitskir gneiss granite ....... | Perna, » » 0.85 Pi
Orijirvi gramte ............. | Kisko, » ' » 1.23 Pi
GIANTEE Sinle s se i e e o | Helsinki, » ’ » | 3.98 PJ
Y YT SN Vo P PP \ Kumlinge, » » 5.51 Pi
Hanko granite ......ouese00s Inga, » » 0.91 Pi
» P rosilinamdikis | Hanko, » » | 577 PJ
» e et s i b R » | » | 4.62 PJ)
Helsinkite granite ........... | Sibbo, » » [ 288 Pi
Gramite) weiommds s i s inasmmesn ' Slum, » » .55 Pi
AR L e D I ) L(u ia, » » 2.30 Pi
Y ety SR P ‘ Kuru, » » 317 Pi

|

* These averages are calculated on the basis of 49 SrO and BaO determinations in granites
from the Dutch East Indies, presented by van Tongeren (1938). The contents vary between the,
following limits: SrO, 0.005—0.5 %, (mostly 0.03 or 0.05%); BaO, 0.005—0.3 %

0.05 to 0.2 %).

» (mostly from’

2 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)

| Ra 1
Rock Locality Age 10— | Author |
[ g./g. ‘
GLanibe: .o« wvmppesmsomms o Kuru, Finland l‘ Pre-Cambrian | 7.00 BJ
W masen s aoEieee BU8 S GAEE Orivesi. . » | » 2.97 B
1" g e e tecummpaon e Bl e Kalvola, » | » 1.87 Pi
I R e p e pir f i DRl Kalajoki, » 1 » Z.48 PJ
A TANTEE «mieanms s s v Brindo, » » 1.21 Pi
Obbniis granite.............. Kyrkslitt, » » 1.48 Pi
Onas granite |cses oo Porvoon pit., » » |\ 1.03 Pi
Granite s 5 s s s anes Rovaniemi, » . » 0.43 Pi
LR N - SR - s Tranas, Sweden » 31441 Pi
i | o lemrene i Eheshss 5 Srms Kristiansand, Norway » 0.566 | Pi
Biotite granitie s« s amsmwes Labrador, Canada » 1.40 Pi
Rapakivi granite ............ Kumlinge. Finland Late Pre-Cambrian = 2.21 Pi
» B e e eibace Wl Kustavi, » » Pi
» e s Perna, » » ‘ 1.47 Pi
» B s spate Pyterlahti, » » 4.81 Py
» SR B O R Lappee, » » 1.60 Pi
» RN T » » 5.77 PJ;
» ¥ s s mEaEe » | » 6.65 PJ
» Y NPLE, Viipuri, U. 8. 8. R. ' » TS R
» B s s Salmi, » | » 0.92 Pi
GEATibe s amsios ¢ 5 dos oo wmemms § o Flannan Islands, H('ut-] Archean To7E PI
land
B U rhentin o v e 8 Loeh Michard, .\‘(‘ntl:md] » | 1.58 PJ
B S 1 ew iR s 0b Cape Wrath, » » i z27 | PJ
Hornblende orthogneiss ... ... Tiree, » » 1.20 B
GEANOGICISY, o o v« « wloiarorsirsis e Coll, » » 1.84 Py A
‘ R g s ot A » » » 1.66 { PJ |
Orthogheisg .. .usecmmmmassss Tiree, » » .60 | PJ |
| Grey granite ........c........ Kolar, Mysore ! » 0.85 | SW |
Micaceous granite ........... » » | » 1.45 SW |
Mieg granite :sswssmeyesses » » t » 1.34 ‘ SW |
' Porphyritic granite .......... » » » 0.91 SW
Dark grey granite .......... » » » 0.99 | SW
Fine dark grey granite ...... | » » » 1.28 ‘ SW
Fine light grey granite ...... [ » » » 047 SW
| Light erushed granite ....... » » » 0.40 ‘ SW
GRaNITe: wesss s sesedhuets s 5ok » » » 1.50 SW
| Acid charnockite ............ | Chamrajnagar, Mysore » 0.04 SW
| Grey porphyritic granite ..... | Closepet, » » 0.27 SW
1 Gray igranite’ s duews ek sbmaes | » » » 0.63 | SW
| Bed aranite: : . vwmsss opmenvso ‘ » » : » 2.14 SW
Biotite muscovite granite .... | Stone Mountain, Ga., ! Variscan 3.81 Pi
U. 8. A. {
Biotite eranite. es s s vmmime Mt. Airy, N. C., U. S. A.| » | 0.49 Pi
Granite (biotite diovite) ...... [lchester, Md., » » | 0.01 Pi
| Biotite granite ..............| Woodstock Md., » » 1.09 Pi |
» 5 A e s | Milford, Mass., » » 026 | Pi |
Hornblende biotite granite ... Rockport, Mass.. » | » 0.52 Pi |
Biotite granite .........c.... Hurricane Is., Me., » 2.79 Pi
I 0. 8. A
Biotite muscovite granite .... | North Jay, Me., U.S.A. » 339 Pi
Gneissic granite, average! .... | St. Gotthard Tunnel, Alpidic 6.9 J |
Switzerland | \ |
Gastern granite, average®. .. .. Loetschberg Tunnel, » ) Dok ‘ Po ‘
| Switzerland | |

»

* Ra determinations in 17 samples of gneissic granites are included in this average. The con-
tents vary between 3.4 % 10 '? and 14.1 X 10712 2. Ra per gram of rock.
2 The average calculated from Ra determinations of 8 Gastern granites and aplites. The Ra
content varies between 2.0 x 10712 and 2.9 x 107*% g./g.
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TABLE VIII
|
. Rock Locality Age Se.05 | Y.054 La,0,4 Ces0y Nd.Os
1 | |
Granite ........|Karjaa, Finland| Pre-Camb-' n. d. |0.003 0.003 0.005 i 0.003
' ‘ rian i
» TS TN | Kalvola, » o » f. d. |0.003 0.004 | 0.007 | 0.005
Bodom granite . Espoo. o » n.d. o0.03 0.06 0.08 0.03
Obbniis  » .| Kyrkslitt, » | » n.d. |o.02 0.03 0.05 | 0.02
Onas » .| Porvoon pit., Fin-| » n. d. ‘0.008 0.004 | 0.01 0.008
land -
' Maarianvaara ‘
| granite pegmat- | | |
TS SN ... | Kaavi, Finland » n. d. |0.005 0.001 0.002 | 0.001 |
| Greissose granite ‘ Sodankyld, » » 0.0001 | 0.006 0.006 | 0.006 | 0.003
! » » | Savukoski, » | » 0.0001 | 0.003 0.006 0.01 0.01 |
1 » » » » » 0.0003 | 0.003 0.01 0.06 0.03 |
| Gueissic granite. Nittila, » o » 0 ) <0.001 | 0.006 | O |
| Granite ... Savukoski, » | » 0.0001 | O 0.003 | 0.008 | 0 |
| Granulite ...... Sodankyli, » » 0.003 | 0.003 0.006 | 0.004 | 0.003 |
» . Inari. » oo » 0.006 | 0.01 0.008 0.008 | 0.006 |
| » ; 5 » S » 0.001 | 0.003 0.006 0.008 | 0.006
g - s 0 » » 0.0005 |0.003 | 0.005 | 0.002 N d. |
| Granite ........ | Kittild, » o » 0.0001 | O 0.001 | 0.006 | O |
B 2 AN “ Sodankyld, » » 0.0001 | 0.003 0.008 | 0.01 0.01 |
» < s aarepes s | NKONIO, » » 0.0001 | 0.003 0.008 | 0.008 | 0.01 |
Nattanen granite | Sodankyld, » » 0 0 0.005 | 0.01 0
» » » » » n.d. |o0.003 0.003 | 0.009 ‘ 0.003 |
Rapakivi (granite ‘
porphyry) ..... | Salmi, U. 5. 8. R.| Late Pre-  o0.0001 |0.003 0.01 0.03 | 0.006
| Cambrian [
Rapakivi granite » » » 0.0001 | 0.003 0.01 0.01 0.006
» » » » » 0.0001 | 0.003 0.01 0.03 0.006
' » » | Suistamo, » » 0.0001  0.0052 | 0.0046, 0.0100 | 0.0041
Rapakivi Stand- | j
ard Mixture ... | East Fennoscan- » 0.0001 | 0.0051 | 0.0040| 0.0080 | 0.0060
| dia ‘
Granite Standard f
Mixtare: ;.o . -« Germany Variscan 0.0002 | 0.0015| n. d. n.d. | nod.|
Amphibole biot- | |
ite granite ....| Bandjoemas, Mesozoic 0.0001 | 0.001 0.0003| © 0 ‘
Java ‘
e el Merawoe, Java ‘ » 0.0002 | 0.001 0.001 | 0.003 | 0.001
Granite ........ | Kediri, » | » 0.0003 | 0.0005| 0.0003| © 0 ‘
Amphibole biot- |
ite granite ....| Kapoeas, Borneo » 0.0001 |0.0005| 0.0005| O 0.001 |
» v » » » » 0.0002 | 0.005 0.002 | 0.003 | 0.003 |
» » » Sei Mandai, Bor- » 0.0003 | 0.02 0.01 0.005 | 0.005 ‘
neo ‘ |
Biotite granite .| Bt. Pitoeng, Bor-! » 0.0001 | 0.005 | 0.01 0.01 0.005 |
neo ‘ “ [
Pegmatite ...... Sei Seberocang, | » <0.0001 |0.0002, 0 0 0
Borneo | ‘
Amphibole gran- f
1 7 aiiaiiacis Sei Samba, |;Ur'l‘ » 0.0002 | 0.003 | 0.001 0 0
neo 5 ‘ |
Gmeisz-like  gran- | ‘ ;
ite ...... - | Del Kaso, Borneo| » 0.0001 | 0.0003 ‘ 0 0 0 ?
Granite . ... Sei Oga, » | » 0.0001 |0.005 | 0.003 0.003 | 0.002 |
» «veen.o | Sei Ketingan, » 0.0001 | 0.001 | 0.002 |<0.003 | 0.001 |
Borneo ‘ “
Biotite granite .| Long Kan, Bur-‘ » <0.0001 |0.003 | 0.002 [<0.003 | 0.001 i
| neo ,
» » .| Djebces. Banka 1 » 0.0002 | 0.005 | 0.003 | 0.01 0.005 |
7913/45 5
- -
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TABLE VIII (CONT'D)
I \ ‘
Rock Locality Age | Se.04 Y03 La,0 4 Ce:05 | Nd.O,4
s 1
! ' j
Aplite ......... Djeboes, Banka | Mesozoic 0.0001 |0.005 | 0.002 0.005 |0.002 |
Biotite granite .| » ) » 0.0001 | 0.01 0.003 0.005 | 0.002
Biotite amphi- i ‘
bole granite ... » » » | 0.0002 |0.003 | 0.02 0.02  |0.01
Graphic granite.  Tikoes, Billiton » <0.0001 |0.002 | © [} 0
Biotite granite . J S.Sekoeng, Billi- » <0.0001 | 0.003 0.005 | 0.01 [0.005
ton : :
Amphibole gmn«‘ ’ |
dtal oo e | Mt. René, Billiton » 0.0003 [0.005 | 0.005 | 0.005 [0.005
Granite ........ (ie. Bloeroe, Billi- » 0.0001 [0.003 | 0.005 0.01 |o.01
ton | ‘
Amphibole gran- | 1
v PP Gg. Menang, Billi- » | 0.0002 |0.002 | 0.005 5} 0.005
ton | !
Granite ........ Mangkai. Anam- » | 0.0001 |0.003 0.01 0.02 | 0.003
bas Islands w v j
» o Umon Semamal, Riouw- » i< 0.0001 | 0.005 | 0.005 0.01 0.01
Lingga Archip. ‘ N ‘ ‘
» S e Nm.lgsu, R.-L. » <0.0001 | 0.001 0.003 0.01 0.005 |
{ : Archipelago ‘
B ek Fandjoengpin- » <0.0001 | 0.001 0.005 0.01 0.005 |
| ang, R.-L. Archi- . 1
‘ pelago | | |
.. P. Rangas, R.- L. » 0.03 0.03 0.03 | 0.03 [0.02 |
Archipelago } ‘ \
[Aplite .:.::omm | P. Berhala (8. O. » <0.0001 |0 | o 0 0 ‘
| K.) j ‘ ‘
| Biotite granite . » » » J 0.0002 | 0.01 0.005 0.005 | 0.005
Ciranitite, allan- Fi ) ’
‘ itc—l_)v:xrin;: Atjeh. Sumatra » 0.0001 |0.0005| 0.005 ' 0.01 | 0.005
| Granite ........ Soengailasi, Su- i » <0.0001 | 0.0001 | 0.0003| 0 0
| ] | natra | ‘ ‘
i Muscovite granite » » ‘ » <0.0001 | 0.0003 0.0005 | <0.003 | O
| Amphibole gran- | , |
i T wiecion os e Sibahoe, » » 0.0001 | 0.002 0.0003 0O o
Amphibole biot-| \
ite granite ~... Bt. Barisan. Su- » 0.0002 | 0.001 0.0003 | 0 o
! | matra |
\ Giranite, rich in ‘ ! | ‘
005 IR EE DR L:lmpnvngsch(- » 0.0002 | 0.003 | 0.002 ' 0.005 [ 0.003
| Distr., Sumatra
| Biotite granite .| Paloppo. Celebes » 0.001 |0.01 | o0.01 ‘ 0.02 0.01
| Amphibole gran- |
MM, & o cramiercidiens Gorontalo, Cele- | » 0.00035 | 0.005 | 0.001 |<0.003 |0.002
| Les | ’ l ,
| Amphibole gran- ‘ A , ‘
| dtite .., cormans » » & » 0.0003 |0.003 | 0.003 | 0.003 |0.003
| Quartz tourmal- | } |
| ine mica rock . | Lucipara Islands | » 0.0002 | 0.002 “ 0.002 0.003 | 0.003
Biotite amphibole | l
granite Joiuaew .| S, E. Soemba » 0.0002 | 0.0003 | 0.0003| O 0
Biotite granite .| Timor E » <0.0001 |0.003 0.0003 | 0 0
| Biotite granite.. | Ceram f » 0.0003 | 0.001 0.0002 | 0 o
[ » » . Ambon 1 » 0.0002 | 0.002 0.002 0.003 | 0.002 (
,‘ » » .| Taliaboe » 0.0001 | 0.0005| 0.0002| 0 0
» » . | Batjan » 0.0001 | 0.0005| 0.0002 | 0O (8] ’
Tourmaline gran- ‘
' ite ...........|Geelvink Bay, | » 0.0001 | 0.0003 | 0.0005| 0.003 |0 |
! i |

New (ininea
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TABLE VIII (CONT'D)

| | |
Rock | Locality \ge | Ses0y | Yi0p | La,0, | Ce04 ‘ Nd,0,
i | ‘ |
l 1
| Pegmatite ...... Oemar Bav, New| Mesozoic ’ 0.0002 | 0.0005| 0 | o I o
Guinea : ‘
Granite ... oons Tawnioe River. » [ 0.0001 0.0005| 0 | o ‘ 0
| New Guinea | |
Il P | Digoel River,New| » [ 0.0001 |0.0005| ©€.002 | <0.003 | 0.00I
(ininea | ‘»
| Granophyre | Skaergaard. Tertiary | n.d. 0.004 0.004 n.od. | onad.
| Greenland |

TABLE IX

Rock Locality f Age e |
\ | | ‘
Gneissose granite ............ | Sodankyli, Finland [ Pre-Cambrian 0.1
» B adsmmeaesss Savukoski, » » 0.05
| » » [ » » » 0.03
‘ Gmeissic granite ... Kittila, » » 0.02
| Gramite: swewsaxs s e Savukoski. » » 0.03
| Granulite ......... . w e Sodankyli, » » 0.02 |
Ry LTI Y., ¥ S Inari, » » 0.03 |
| P oamie & v s GRS o » » | » 0.02
GEanit: sammss s e os anamEmss i KWittil, » » 0.07
IS " eiesiien s« S Eanersn ane Sodankyli, » » 0.02
e S Muonio, » » 0.02
| Nattanen granite Sodankylé ) 2
| aNatte gra B sSmasaEEE & . Nodankyia, ) | » 0.02
Rapakivi (granite porphvry) .| Salmi, U. 8. 8. R, Late Pre-Cambrian 0.1 ‘
| Rapakivi granite ............ » » ‘ » ‘ 0.1 35
| » B e i f » » ‘ » ‘ 0.1 |
! » TR Suistamo, » | » 0.1 _
Rapakivi Standard Mixture .. | East Fennoscandia » 0.12 '
Granites, average®! .......... Dutch East Indies ‘ Mesozoic 0.02(3)
{ Granophyre evicess.oicamems Skaereanrd. Greenland Tertiary 0.04
TABLE X
’ T \
Rock ‘ Locality Age C | Author
| \
| | 1
Granite ............o... |Helsinki,  Finland Pre-Cambrian | 0.00199 PJA
[ & ceswnnvsiismness ‘Hanko, » » 0.00313 | PJ
i W e e e REe § I » » » 0.002356 PJ
T ey e P {Karjaa, - » » | 0.001 SV
L W= ‘Kalvola. » | » 0.002 SAY

! This average includes 49 granites with ZrO, content varying between o and 0.2 %,. If pre-
sent, the most common ZrO, content is 0.01 to 0.03 %,.

2 J, Joly (1912); PJ, Poole and Joly (1924); S, Sahama (1945 b); SV, Sahama and Viihiitalo
(1939); WM, Wager and Mitchell (1943). '
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TABLE X (CONT'D)
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Rock Locality ! Age “ =l Author
\ [ ‘ “
GIANITE o cian's < 3 uirinis o sy | Orivesi,  Finland Pre-Cambrian | 0.00085 ‘ P
D AL S i | Kuru, » » | ©0.00455 | PJ
SRR S Kalajoki, » » | 0.0021% ‘ PJ
Bodom granite .......... | Espoo, » » 0.02 ] SV
Maarianvania granite peg- | |
matite .......co00ennn.n \ Kaavi, » » 0.0006 | SV
Nattanen granite ........ Sodankylid,  » » 0.003 SV
Rapakivi granite ......... Pyterlahti, » Late Pre-Cambrian 0.00156 | PJ
» o B0 % et | » » ().()()(yir) PJ
» SR PN » » 0.00683 P J
Rapakivi Standard Mixture | Kast Fennoscandia , » 0.004 ‘
GIANITE 55 wsriiiaie o o oo = srarmss Flannan Islands, Scot- Archean 0.00102 l’l J
land |
R T e ey | Loch Michard, h('otl‘m(l‘ » 0.00058 | PJ |
B r ah sl ©5 | Cape Wrath, » » 0.00197 | PJ |
Hornblende orthogneiss ... | Tiree, » ‘ » 0.00073 | PJ |
Granogneiss ............. Coll, » 1 » 0.00059 | PJ |
W g e v s » » | » 0.00224 | PJ ‘
Orthogneiss .............. Tiree, » | » 0.00185 | PJ ‘
(meissic granite, average! . [ St. Gotthard Tunnel, | Alpidie 0.0025 |- J
. Switzerland ] ‘
FOranophyte - seasansdsas Skaergaard, Greenland | Tertiary o.011 | WM
TABLE XI
- i :
Rock Locality Age \ Yo
1 ;
Leptite, hematite-bearing 2 | Griingesher btdltot, ! Early Pre-Cambrian 0.36
‘ \\\'v(lvn j :
Soda leptife :..coviemeeisiie ‘ » » ‘ » 0.002 ‘
Potash ~ leptite,  magnetite- | i
bearing ...........co..... » | » 0.002 \
(SANTRE, arsiariss s o oomasasstonsi s oz s ‘Huopalahrl, I'inland ‘ Pre-Cambrian 0.01 |
» Leppdvnta, » » 0.003 ‘
Geissose vmmtv Sodankyla, » ‘ » 0 \
» \ Savukoski, » i » 0.001 ?
» » » » 0.001 !
Gmeissic granite ............. ’ Kittila, » » 0.001
Granite .............c.o... J Sa\ul\usl\] » » 0.0003 ‘
GEANULIEE™ - o ive oo o o 51 & stsispeiats S8 Sodankyli, » » 0.01 ‘
l Inari, » » 0.003
» » 0.003 |
Kittili, » » 0.003
Sodankyl, » » 0.001
Muonio, » » 0.003
Nattanen granite ............ Sodankyli, » » 0.0003 [
Rapakivi (rrmnito porphyry) .. | Salmi, U. 8. 8. R. Late Pre-Cambrian 0.0003 4
l Rapakivi granite » » » 0.0001
» » » » » 0.03
» » Suistamo, » » 0.0003
Rapakivi M«Lnddld \[mture Fast Fennoscandia » 0.0003 i
Granites, average® .......... Duteh East Indies Mesozoic 0.01
Granophyre .o.ce:iagnimess.. Skaergaard, Greenland Tertiary 0.0018

L' Th determinations in 17 samples of gneissic granites of the Finsteraarhorn massif are in-

cluded in this average. The Th

content varies between 0.001 and 0.005 %.

2 This average has been calculated from 49 granites, ranging in V,0; content from o0.0003

to 0.059

The most common content was o.o1 %

V,0;.
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TABLE XII
' ¢ !
Rock & Locality Age ‘ Rih0s .
g | ‘ :
| |
CEramEies s e o P < ok herassen e ool | Himeenkyro, Finland | Pre-Cambrian | 0.0011 !
Bodom granife ....owmsepoos - Espoo, » } » 0.0100 !
Nattanen granite ........... ' Sodankyla » | » \ 0.0045 |
Rapakivi (granite porphyry) . Salmi, U. 5. 5. R. Late Pre-Cambrian 0.001 i
Rapakivi granite ............ » » 1 » 0.003 {
» R I P [ » » | » 0.001 |
» B! e Senamn noanns Suistamo, » ‘ » 0.003 i
Rapakivi Standard Mixture East Fennoscandia » | 0.001
TABLE XIII
| Rock Locality | Age ! ‘}.?}OE t
| { |
4 i
‘ Granite GHEIRE «.o.v o awwme e Impilahti,U. 8. S. R. Pre-Cambrian 0 {
Oligoclase granite ........... Kisko, Finland » | o !
[ MiCa: SHPISS. siwsssassmmonsas Tammela, » » 0 ‘,
Pernio granite .............; Kemio, » » 0 i
Migmatitic gneissose granite .. | Pictarsaari. » » 0 |
Grimite - vasmees o iaq s Kuru, » » | 0.00009 |
B L Db e Himeenkyro, » » 0.0002
Hornblende granite ......... Tammela, » » 0
Mierocline granite ........... » » | » [ 0.002 |
GFANEE « s areiemp s i A el & Jamsi, » » | o i
Porphyritic granite Kankaanpid, » » 0.004 |
Tourmaline granite, aplitic Karkku, » » 0 {
AN oranite o0 c: . ramemanss Briindo, » » 0 ‘
| Lamprophyre in Ava granite » » » 0.0002 |
Bodom gramite .............. Espoo, » » - 0.0026
Nattanen granite ........... Sodankyli, » | » | 0.0021
Rapakivi granite ............ Sund, » | Late Pre-Cambrian | 0.0003
» ISR B A stavi, » » | 0.0001
» B e avesreies o e Fura, » » 0.0001
» ¥ i amsserssis Vehkalahti, » ‘ » |
; » R m S o Luumiiki, » » 0
i » B e s s Lappee, » » 0
| » R » » » | 0.000T
». » saeaes o5 en e [PANGTRR, T 8.8, R, » | 0.001
» e - Salmni, » » | o.000r
Rapakivi Standard Mixture East Fennoscandia » 0.0001
Pyroxene granite ............ | Sviatoy Noss, U. 8. 5. R. | Pre-Cambrian 0
TABLE XIV
; Age 3 Crs0s
Rock Locality Age | o
‘

o

Leptite, hematite-bearing
SR e o b6 o ot o
Potash  leptite,
TEATIIE < s ssiormie 1+ = wis mviiers
Leptite, magnetite-bearing
Granite

(‘rréingc‘wrgst'éi,ltet, Early Pre-Cambrian

Sweden
» » »
|
‘L » » ’ »
‘[ L »
| Huopalahti, Finland Pre-Cambrian
| Leppivirta, » »

< 0.001

\ < 0.001

|

! < 0.001

\ 0.003

1 0.001
0.0003
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| |
g Rock Locality '; Ags ’ ( ‘-.f‘(_) 5
‘ |
| ;
| Gneissose granite............ Sodankyld, Finland Pre-Cambrian 0
| » B e e Savukoski, » | » 0.0003
| » S YT L T I » » | y » | r),()n;‘
| Gneissic granite .ossesevossas Kittili, » « 0.0003
‘ Granite ..........cooovnnn.. Savukoski, » ‘ » 0.0001 |
Granalite ... . comsmans 5o Sodankyli, » » | 0.1
ML sesansuasEEEes R s oS Inari, » ‘ » | 0.03
| Pl GG G e S aalD e » » | » 0.03
' GIBNTEE oo v os - o ormdioion s wo s Wittili. » \ » 0.0003
b B e s vs s sumg b s aee Sodankyli, » ' » | <0.0001
‘ » Muonio, » | » 0.0003
| Nattanen "l.lllltt' ............ Sodankyla. » } » o=
» D SaEmeveases i » » » | 0.001
| Rapakivi (granite porphyry) .. | Salmi, U. 8.8 R, i Late Pre-Cawbrian 0004 |
’ Rapakivi granite ............ » » » 0.001
i » D Y e @ i % e » » » 0,000
| » R Suistamo, » » | 0.004
l\d])dl\l\l \r‘m(l(ml Mixture .. | Bast Fennoscandia [ 0.005
| Gramites, average! .......... Duteh East Indies ! 0.003
{ Granophyre .....emesssissia Skaergaard, Greenland | ‘ 0.0004
TABLE XV
‘ | [ [ .
r Rock Locality i Age ' ('”(i'f,‘ | S
1 | ! |
‘ 1
| Leptite, hematite-beaving .| Griingesbergsfiltet, |Harly Pre-Cambrian| < o.001 0.001
' Sweden L
 Soda l(-priru ............. » » , » <0.001  <0.001
| Potash leptite, magnetite-
| bearing ............... » » » 0.001  <0.001
l'IA ptite, magnetite-bearing | » » » 0.0071 0.001 |
| Granite! odssss s osme s s iamn Huopalahti, lvml,nul‘ Pre-Cambrian 0 < 0.0003
e ok et e Leppitvirta, » » 0 <<0.0003
| Gneissose granite ........ \nd(ml\\ i, o » 0 0.0003
| » B acmmiars Savukoski, » oo » <0.001 0.0003
» B eiemeone » » | » O 0.0003
; (rneissic granite .......... ¢ Kittili, » » <0.001 0
| BrANIER S v o waeisns 5 o Savukoski. » » 0 0
‘ (‘r'&ulnlit«- ................ ' Sodankyli. »o| » <0.00T 0.001
B0 onuents o et v Inari, »o » 0.001 0.003 |
; W i o g e s | » » | » < 0.001 0.001 |
| Granite e s odss samaeras + Kittili, » » <0.001 0.0003 |
| S S SR R Sodankyli. » » 0 0
I D e ‘ \Ill(mm » o » < 0,001 0.0003
| Nattanen granite ......... b ,ml\_\lii. » » 0 0 ‘
I » T S | | » » o » 0 <<0.0003 |
| Rapakivi (granite porphy l\'H Salmi, U1, S. S, R, [ Late Pre-Cambrian 0 0
Rapakivi granite ......... ‘ » » ; » 0 0
I » T U 8 » » i » 0 15} |
i » Nl i e oo | Suistamo,  » | » ) 0
J Rapakivi Standard Mixture | East Fennoscandia ® 0 0.0003
Granites, averagcd® Duteh East Indies Mesozoic 0 0 |
Granophyre .............. hk‘aergd(ud, Green- | Tertiary 0.0004 0.0000 |
| and | |

1 Iucludcd are 49 granites with Cr,0y varying between 0.0003 and 0.02 %, The most usual

content is 0.003 to 0.005 Y9, Cr,04.

2 This average includes 49 granites of the Dutch East Indies. It must be taken into account
that the limit of sensitivity for the niekel and cobalt lines used (Ni 3610.302 A, Co 3995.312 A)
lies at 0.019, CoO and NiO. Accordingly, the results obtaincd by van Tongeren (1938) are not

comparable with the other figures in this table.




Kalervo Rankama: On the Geochemical Differentiation in the

TABLE XVI

Barth’s Crust. 39

| i
Rock Loeality ‘ Age "d',;i): 1
| ‘
| |
Graatite «inssvwwass 3 s SR e Huopalahti, Finland Pre-Cambrian | 0.01 [
» P R Sy ... | Leppivirta, oo » 0.01
(imeissose granites and granite
INeisses, AVerage .......... South Lapland, » » 0.01
| Hetta granites. average ...... » » » » 0.01
Granulites, average .......... » » » » 0.01
Youngest granites, average ... » » » 0.01
Nattanen granite ............ Sodanky » » 0.01
Rapakivi (granite porphyry) .. Salmi, Late Pre-Cambrian 0.01
Rapakivi granite ccvcosvceyss » » | » 0.01
» B ssus smemEss s » » { » 0.01
» R Ty Suistamo, » ‘ » 0.01
Rapakivi Standard Mixture Iast Fennoscandia ‘ » 0.01
Hypersthene granite ........ | Stalheim, Norway Caledonian (?) ~0.01
Pyroxene granite ............ Aardal, » l » ?) ~0.001
Granite . . cowesm oo s i - o Brocken, Germany Variscan ~0.001
Granite Standard Mixture ... » I » 0.002 |
Granites, average! .......... Duteh East Indies Mesozoic 0.007
Granophyre . aergaard. Greenland ‘ Tertiary 0.002
TABLE XVII
! | T
‘ Rock . Locality Age o0 |
‘ 1 1
; \ !
| BE 7.0 R s .. Huopalahti, Finland Pre-Cambrian | 0 j
Boo  wadmm e u s e s R GEE b ‘ Leppitvirta., » » ‘ 0
Nattanen granite ....... vewo o | Sodankyli, » » | o
| Rapakivi Standard Mixture .| EBast Fennoscandia Late Pre-Cambrian | 0.0001 |
| Granite Standard Mixture ... | Germany Variscan | 00005 |
TABLE XVIIL
Roek B Locality Age ]’(‘,)“() {
{
|
GIEMNITOL oonoreesl 3 85 01 Fo D E R0 & 5 . | Huopalahti, Finland Pre-Cambrian 0.003
» ...... | Leppivirta, » » 0
Gmeissose granite ..... Kl ble e | Sodankyli, » ‘ » 0 |
» ¥ caasmmssssss Savikoski, » » 0
» » » » » 0.001
Gmeissic granite ... Kittila, » » 0.001
GLANEE cssossss smmmmusnsas Savukoski, » » 0.001
Granulite Sodankvlii, » » 0 [
» Inari. » » 0 {
» » » » o0
Granite Wittili, » » 0.003
» Sodankyli. » ‘ » o
B g e 3 wEs Muonio, » » 0 [
Nattanen granite Sodankyli. » » 0.001 |
» » S » » | » 0.001
Rapakivi (granite porphyry) .. | Salmi, 8. 8. R Late Pre-Cambrian | 0.001 }
Rapakivi granite ..... N » » » ' 0.001
» S P » » » | 0.003
» ot ... | Suistamo, » ‘ » 0.001
Rapakivi Standard Mixture .. | East Fennoscandia ‘ » ; 0.006
| Granites, average? .......... Duteh East Indies ‘ Mesozoie | 0.003 |

between 0.05 and 0.001 %. The rocks most commonly contain 0.003 to 0.01 % Ga,0,.
2 Average of 49 PbO determinations of granites showing PbO percentages from o.0003 to
o0.01, most commonly from 0.002 to 0.005 %.

1 The average represents 49 granites of the Dutch East Indies with a Ga,05 content varying
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Ramsay, Wilhelm und Nyholm, E. T. Canerinitsyenit und einige
verwandte Gesteine aus Kuolajdrvi. S. 1—12. 4 Fig. 1895

Sederholm, J. J. Ueber einen metamorphosirten praecamb-
rischen Qumzpm'phyr von Karvia in der Provinz Abo. 8.
=16, 12 B, TBOS | . iw « oy oue o's wrmnis simadis 87 65078,508 w/ots & loos s meia
R'\msM W llhelm jemte Bihang 1 och 2 af Hackman, Victor
och 3 af bederholm Jendis 1 frdgan om det senglaciala haf-
vets utbredning i Sodra Finland. 8. 1—44. 1 karta. Résumé
en francais: La transgression de 1’ancienne mer glaciaire sur
la Finlande méridionale, 1896 ..........ccoieiiviiicrinans
Frosterus, Benj. Ueber einen neuen Kugelgranit von Kangas-
niemi in Finland. 2 TMaf, 1896 ... s
Berghell, Hugo. Bidrag till kidinmedomen om Stdra Finlands
kvartira nivaforindringar. S. 1—64. 16 fig. 1 planseh. 1
karta. Deutsches Referat: Beitrige zar Kenntniss der quar-
tiren Niweauschwankungen Siid-Finlands. 1896 ............
Sederholm, J. J. Uber eine archidische Sedimentformation im
siidwestlichen Iinland und ihre Bedeutung fiir die Erklirung
der Entstehungsweise des Grundgebirges. S. 1—254. 97 Fig.
S Tiadt 2 TRCarten.  ILBYTin: v o cimialie sialspeiln siomint oyt e o shenerese R IEDS
Ailio, Julius. Uber Strandbildungen des Litorinameeres auf
der Insel Mantsinsaari. S. 1—43. 8 Fig. 1 Karte. 1898 ....
Andersson, Gunnar. Studier Ofver Finlands torfmossar och
fossila kvartirflora. 8. 1-—210. 21 fig. 4 tafl. Deutsches
Referat: Studien iiber die Torfmoore und die fossile Quartér-
flora Pinlands: 1898 ;. cos.smme s wwesde oo s piois s o mysi = sin oo
Sederholm, J. J. Esquisse hypsométrique de la Finlande. P.
Yo frfmm el o T TR e e s e o e aneo e o g T 0 o G b
Sederholm, J. J. Les dépdts quaternaires en Finlande. P.
1—28. 2 Fig, 1 carte. 1809 ...:iiisiiismaciamovevimuinsusye
Hackman, Vietor. Neue Mitteilungen iiber das Ijolithmassiv
in Kuusamo. S. 1 12 Fig. 1 Taf, 2 Karten. 1899 ....

* Ramsay, Wilhelm und Borgstrom, 1. H. Der Meteorit von

Bjurbole bei Borgd. S. 1—28. 20 Fig. 1902 ..............
Frosterus, Benj. Berghyggnaden i sydostra Finland. S.1-—168.
18 fig. 8 tafl. 1 karta. Deutsches Referat: Der Gesteins-
aufbau dess siidostlichen Finland. 1902 ....................
Borgstrom, Leon. H. Die Meteoriten von Hvittis und Marja-
lahti., 8. 1—80. 8 Taf. 1908 Lis cvn s mmr i msiss 5isisis e s o 4078
Hackman, Vietor. Die chemische Beschaffenheit von Eruptiv-
gesteinen Finlands und der Halbinsel Kola im Lichte des
neuen amerikanischen Systemes. S. 1—143. 1905 ..........
Sundell, I. G. On the Cancrinite-Syenite from KllO]dJaI\]
and a Related Dike Rock. P. 1—20. 1 plate. 1905 ........
Fircks, Curt. On the Occurrence of Gold in Finnish Lapland.
P, 1—35. 15 fig. 1 map. Frontispiece. 1906 .......c..omeseme
Tanner, V. Studier ofver kvartiirsystemet i I'ennoskandias
nordliga delar. I. Till frigan om Ost-Finmarkens glaciation
och niviforindringar. 8. 1-—165. 23 bild. 6 tafl. Résumé
en francais: Ttudes sur le systéme quaternaire dans les par-
ties septentrionales de la Fenno-Scandia. I. Sur la glaciation
et les changements de niveau du Finmark oriental. 1906 ....
Triistedt, Otto. Die Krzlagerstitten von Pitkdranta am La-
doga-See. 8. 1—333. 80 Fig. 19 Taf. 1 Karte. 1907 ......
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Tanner, V. Zur geologischen Geschichte des Kilpisjarwi-Sees
in Lappland. 8. 1—22. 3 Fig. 2 Taf. 1 Karte. 1907 ......
Tanner, V. Studier ofver kvartirsystemet i Fennoskandias
nordliga delar. II. Nya bidrag till frdgan om Finmarkens
glaciation och nivafordindringar. S. 1—127. 10 fig. 6 tafl.
Résumé en francais: HLtudes sur le systéme quaternaire dans
les parties septentrionales de la Fenno-Scandia. TI. Nouvelles
recherches sur la glaciation et les changements de niveau du
Pinmark; DO0T wawivubie v s = st oesis e o s @ Bis. v e e e e
Borgstrom, L. H. Granitporphyr von Ostersundom. 8. 1—20.
3 Blge "I WAk, BHOT. aems bitisiar oionesaloein ke sjipilors slstons siitioiovasy s oish hev
Sederholm, J, J. Om granit och gneis, deras uppkomst, upp-
triicdande och wutbredning inom urberget i Fennoskandia. S.
1—110. 11 fig. 8 tafl. 1 planteckn. 1 karta. English Sum-
mary of the Contents: On Granite and Gneiss, their Origin,
Relations and Occurrence in the Pre-Cambrian Complex of
Henno-Seandia: A90Ti cuaie s onlbm Gemmsmoiion se abiare sission
Sederholm, J. J. Les roches préquaternaires de la Ienno-
Scandia. P, 1—39. 20 fig. 1 carte. 1910 .......ccvnvvnnnn.
Tanner, V. Uber eine Gangformation von fossilienfiihrendem
Sandstein auf der Halbinsel Lingbergstda-Ojen im Kirchspiel
Saltvik, Aland-Inseln. 8. 1—13.5 Fig. 2 Taf. 1911 ........
Miikinen, Eero. Bestimmung der Alkalien in Silikaten dureh
Aufschliessen mittelst Chlorkalzium, 8. 1—8. 1911 ........
Sederholm, J. J. Esquisse hypsométrique de la Finlande.
B =21 & £ig: -1 earte, LT o cwwpsnmsnssines gommesmses
Sederholm, J. J. Les roches préquaternaires de la Finlande.
i g e A T o o ST s et I SRR S R
Sederholm, J. J. Les dépots quaternaires de la IFinlande.
P 128, b g il eriten ML vwicems Seissens o sl @ o Gz sotin §
Sederholm, J. J. Sur la géologie quaternaire et la géomorpho-
logie de la Fennoscandia. P. 1—66. 13 fig. 6 ecartes. 1911
Ilausen, H. Undersikning af porfyrblock fran sydvistra Fin-
lands glaciala aflagringar. S. 1—34. 9 fig. Deutsches Referat.
NOTE 205 setaters 5 s s Brsiels Msisians STRlsrs Sapioie S5 H0oke § RV/E & & Wlednys 3 T 8
Hausen, II. Studier 6fver de sydfinska ledblockens spridning
i Ryssland, jimte en 0ofversikt af is-recessionens forlopp 1
Ostbaltikum, Preliminiirt meddelande med tvenne Xkartor.

8. 1—32. Deutsches Referat. 1912 ........ccciviiniiivnnennn
Wilkman, W. W, Kvartiira niviforiindringar i istra Finland.
S. 1—40. 9 fig. Deutsches Referat. 1912 ..................
Borgstrom, L. H. Der Meteorit von St Michel. 8. 1—49.
1 Pags. SWads - TN |5 < wardls mmnresisions & S e S5 § sissg o
Miikinen, Eero. Die Granitpegmatite von Tammela in Finn-
land und ihre Minerale. S. 1—101. 23 Fig. 1913 ..........

Eskola, Pentti., On Phenomena of Solution in Finnish Lime-
stones and on Sandstone filling Cavities. P. 1—50. 15 fig.
FOLSE & wvemar amerseion/gte syt 5 s, s brens, s & dualess Bisuins s sparalapaae,s g
Sederholm, J. J. Weitere Mitteilungen iiber Bruchspalten mit
besonderer Beziehung zur Geomorphologie von TFennoscandia.
B =86 27 Big. 1 Tak, TOUF ., uu0wniximmaesiiees smenns
Tanner, V. Studier ofver kvartirsystemet i Fennoskandias
nordliga delar. III. Om landisens rorelser och afsmiltning
i finska Lappland och angrinsande trakter. 8. 1-—815, 139
tig. 16 tafl. Résumé en francais: Etudes sur le systéme qua-
ternaire dans les parties septentrionales de la Fennosecandia.
III. Sur la progression et le cours de la récession du glacier
continental dans la Laponie finlandaise et les régions environ-
HANGeR: " JDdDS L ey et a R Rl o e s N I
Hackman, Vietor. Der gemischte Gang von Tuutijirvi im
nordlichen Finnland. 8. 1—41.- 9 Fig. 1914 ..............
Eskola, Pentti. On the Petrology of' the Orijirvi region in
Southwestern Finland. P. 1-—277. 55 Fig. 6 plates. 2 maps.
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Borgstrom, L. H. Die Skapolithlagerstiitte von Laurinkari.

S. 12300 T Pigs ‘T ;cuas somme sy meas sioalaiom s s baisie owisios s
Hackman, Victor. tber Camptonitgiinge im mittleren Finu-
lamd., 8. 1==18, 3.Bg, MTA L ivuveionme siominis sisioim si6is5 55 wievid a3
Wilkman, W. W. Kaleviska bottenbildningar vid Molonjirvi.
8. 1—36. 11 fig. Résumé en frangais. 1915 ......cccvvnviss

Eskola, Pentti. Om sambandet mellan kemisk och mineralo-
gisk sammansittning hos Orijirvitraktens metamorfa berg-
arter, 8, 1-—145. 4 fig. English Summary of the Contents.
VUS| o srsesmivg v orbide sl simans &saisibeas araendneons sialn o il stow sTan
Ailio, Julius. Die geographische Entwicklung des Ladoga-
sees in postglazialer Zeit und ihre Beziehung zur steinzeit-
lichen Besiedelung. 8. 1—158. 51 Abbild. 2 Karten. 1915 ..
Laitakari, Aarne. Le gisement de calcaire cristallin de Iir-
monniemi & Korpo en Finlande. P. 1230, 14 fig. 1916 ....
Miikinen, Iiero. Oversikt av de prekambriska bildningarna i
mellersta Osterbotten i Finland. S. 1—152. 25 fig. 1 karta.
English Summary of the Contents., 1916 ........c.cciicpmes
Sederholm, J. J. On Synantetic Minerals and Related
Phenomena (Reaction Rims, Corona Minerals, Kelyphite, Myr-
mekite, ete.). P. 1—148. 14 fig. in the text and 48 fig. on
8 plates T9LE - o vsmmmabismesame semmris wmios sohsie s wie & swigs o
Wilkman, W. W. Om en prekalevisk kvartsitformation i norra
delen af Kuopio socken. 8. 1-—18. 7 fig. Résumé en francais.
BOAD (s 55w o mmimas y o5 5 950 8 5 amle s GEI0S & G A0 oa FEE 0 R 40 DS s e
Sauramo, Matti, Geochronologische Studien iiber die spiit-
glaziale Zeit in Stdfinnland. S. 1—44. 5 Abbild. 4 Taf. 1918
Laitakari, Aarne. Einige Albitepidotgesteine von Siidfinnland.
8. 1—18. & Abbild: J9X8 ;i o5 ams spins wsia « s oo emies s s
Brenner, Th. Uber Theralit und Ijolit von Umptek auf der

Halbinsel Kola, S. 1—=30. & Figy 1920 .o.qommvrnmnsoviime.nn
Hackman, Vietor. Kinige kritische Bemerkungen zu Iddings’
Classifikation® der Eruptivgesteine. S. 1—21. 1920 ..........

Laitakari, Aarne. Uber die Petrographie und Mineralogie der
Kalksteinlagerstiitten von Parainen (Pargas) in Finnland.

S. 1—113. 40 Abbild. 3 Taf. 1921 ............
Eskola, Pentti, On Voleanic Necks in Take
Fastern PFinland. P. 1—I3. 1 fig. 1921 ....iccivssvcsais

Metzger, Adolf A. Th. Reitrige zur Paliiontologie des mord-
bhaltischen Silurs im Alandsgebiet. S, 1—8. 3 Abbild. 1922 ..
Viiyrynen, Heikki. Petrologische Untersuchungen der granito-
dioritischen Cesteine Siid-Ostbothniens. 8. 1-—78. 20 Tig.
1 HEske RSN s A s R SR s ST e

Sederholm, J. J. Om Migmatites and Associated Pre-Cambrian
Rocks of Southwestern Finland. Part 1. The Pellinge Region.
P. 1—153. 6% fig. 8 plates. 1 map. 1923 ...icooviispesss
Berghell, Hugo und Hackman, Vietor. Uber den Quartzit von
Kallinkangas, seine Wellenfurchen und Trockenrisse. Nach
hinterlassenen Aufzeichnungen von Hugo Berghell zusammen-
gestellt und ergiinzt von Vietor Hackman. S. 1—19. 19 Fig.
F923) s+ Gleim o & s SOrRHLe SUTe R vRKe S MBI Era KRR & AU Bs SN § SUaEE T

Sauramo, Matti. Studies on the Quaternary Varve Sediments
in Southern Finland. P. 1—164. 22 fig. in the text. 12 fig.,
1 map and 2 diagrams on 10 plates. 1923 ......ivonvennnone
Hackman, Victor. Der Pyroxen-Granodiorit von Kakskerta bei
Abo und seine Modifikationen. S.1—23. 2 Fig. 1 Karte. 1923
Wilkman, W. W. Tohmajarvi-konglomeratet och dess forhdl-
lande till kaleviska skifferformationen. S. 1—43. 15 fig.
T Jeatba, AORB o i sumhovasises= s slsiamndl yai o« aoms 5 @ syae e
Hackman, Vietor, Uber einen Quartzsyenitporphyr von Saari-
selkdi im finnischen Lappland. S. 1—10. 2 Fig. 1923 ......
Metzger, Adolf A. Th. Die jatulischen Bildungen von Suo-
jarvi in Ostfinnland. S. 1—S86. 38 Abbild. 1 Taf. 1 Karte.
TOZE 0 Sl o B o oS BWi e wnmnperotel Sy T e gyl AN AT s i1 0 B e R

* Epuiste.

60:

80:

200:

80:

200:

240:

60:
120:
60:
60:

60:

60

200:
60:

100:

60:




0

GG.

67.

68.

69.

=
o

79.

30.

81.

86.

87.

88.

Saxén, Martti. Uber die Petrologie des Otravaaragebietes im
dstlichen Finnland. 8. 1—63. 13 Abbild. 5 Fig. auf 1 Taf.
VARG g U R et R B S I B e I I L
Ramsay, Wilhelm. On Relations between Crastal Movements
and Variations of Sea-Level during the Late Quaternary
Time, especially in Fennoscandia. P. 1—39. 10 fig. 1924 ..
Sauramo, Matti. Tracing of Glacial Boulders and its Applie-

ation in Prospeeting. P. 1—37. 12 fig. 1924 ..............
Tanner, V. Jordskredet i Jaarila. S. 1-—18, 2 fig. 10 bild.
Rosume en $rancans, T TI2d *. ik s sy s e v o dRard e aiss
Auer, Viin0. Die postglaziale Geschichte des Vanajavesisees.
S. 1—132. 10 Fig. 10 Taf. 11 Beil. 1924 .....0.e0vevives
Sederholm, J. J. The Average Composition of the Earth’s
CGrust: in ‘Finland, P. 1=—20. 192D ‘..us s cens sibomn sebeis i e
Wilkman, W. W. Om diabasgingar i mellersta Finland. S.
1—35. 8 fig. 1 karta. Deutsches Referat. 1924 ............
Haekman, Vietor. Das Gebiet der Alkaligesteine von Kuola-
jirvi in Nordfinnland. S. 1—62. 6 Fig. 1 Taf. 1925 ......
vaitakari, Aarne, Uber das jotnische Gebiet von Satakunta.
S. 1—43. 14 Abbild. 1 Karte. 1925 .i....qencomicsvasos

Metzger, Adolf A. Th. Die Kalksteinlagerstitten von Rus-
keala in Ostfinnland. S. 1—24. 9 Abbild. 2 Karten. 1925 ..
K'rosterus, Benj. Ueber die kambrischen Sedimente der kare-
lischen Landenge. S. 1—52. 1 Fig. 1925 ...,
Hausen, il. Uber die préquartare Geologie des Petsamo-
Gebietes am Kismeere, S, 1-—100, 1 Ubersichtskarte. 13 Fig.
s b I R R o o Il o 5 ) G R O A
Sederholm, J. J. On Migmatites and Associated Pre-Cambrian
Rocks of Southwestern Finland. Part II. The Region around
the Barisundsfjird W. of Helsingfors and Neighbouring
Areas. P. 1—143. 57 fig. in the text and 44 fig. on 9 plates.
1 v P e e e s e s e S e s §5 5o e s embiee e
Viyrynen, Heikki. Geologische und petrographische Unter-
suchungen im Kainuugebiete. S. 1—127. 37 TFig. 2 Taf.
2 Eamban: R8N oo o8 nie o g o tmVitiels sheus) o STRINE T H1ad s mee T bl 8
Hackman, Victor. Studien uber den Gesteinsautbau der Kit-
tild-Lappmark. S. 1—105. 23 Fig. 2 Taf. 2 Karten. 1927
Sauramo, Matti. Uber die spiitglazialen Niveauverschiebungen
in Nordkarelien, IFinnland. 8. 1—41. 8 I'ig. im Text. 11 Fig.,
1 Profildiagramm und 1 Karte auf 7 Taf. 1928 ............
Sauramo, Matti and Awuer, Viind. Oun the Development of
Lake Hoytidinen in Carelia and its Ancient Flora. P, 1-—42.
20 fig. 4. plates. T928 .o e s s mia < mm s e S R & o alsie 88
Lokka, Lauri. Uber Wiikit. 8. 1-—68. 12 Abbild. 1928

Sederholm, J. J, On Orbicular Granites, Spotted and Nodular
Granites ete. and on the Rapakivi Texture. P. 1—105. 19 fig.
in the text and 50 fig. on 18 plates. 1928 ........c.coweea
Sauramo, Matti, Uber das Verhiiltnis der Ose zum hochsten
e s e e e o k(BB S e G T e D
Suomen Geologisen Seuran julkaisuja — Meddelanden frin
Geologiska Siillskapet i Finland — Comptes Rendus de la
Société ghologique de Finlande, 1. 1 stéréogramme. P. 1—S88.
TORO " il cuovsaistega i svanpionaas SouLins aaaislt s i SHabbne sre ot ere e i
Sauramo, Matti. The Quaternary Geology of Finland. P.
1—110. 39 fig. in the text and 42 fig. on 25 plates. 1 map.
OO o0 ¢ aiatie vsises st e Sl s 6 e e R R o s W) 3 8] 5 5 B

Suomen  Geologisen Seuran julkaisuja — Meddelanden frin
Geologiska Siillskapet i Finland — Comptes Rendus de la

Société géologique de Finlande, 2. P. 1—175. 48 fig. 8
1oL Y A L i 0 At s p M e O B s
Tanner, V. Studier over kvartiirsystemet i Fennoskandias
nordliga delar. IV, Om nivaforiindringarna och grunddragen
av den geografiska utvecklingen efter istiden i Tshavsfinland
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