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ABSTRACT 

A part of the Opdal area in Sør-Trøndelag, is the subject of the present 

investigations. The paper deals with the geology and petrography of the area. 

The area is made up of Archean, eo-Cambrian, Cambro-Silurian and Caledonian 

rocks in a highly metamorphic state. As the rocks often contain zoisite in equi

librium with acid plagioclase, a new mineral facies group is suggested. The facies 

group is called the saussurite facies. It has much in common with the fioitite facies. 

It is shown that a significant potash metasomatism has occurred in the area. 

And it is made reasonable that the augen-gneisses and the rapakivi-like rocks must 

be interpreted as metasomatic rocks, the original rock material being of basic nature. 
The mechanism of the metasomatic formation of porphyroblasts, the porphyroblastesis, 

is discussed. It would seem that the chief metasomatism, and also the porphyro

blastesis, have taken place in late Caledonian time, after the conclusion of most 

of the orogene movements. 
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PREFACE 

The first part of the present paper was ready for printing in 
the spring of 1942, but certain difficulties made it impossible for me 
to complete the manuscript in time. The abnormal condition of affairs 
under which the last part of my task has been done must in some 
measure bear the responsibility for possible errors and misunder
standings. Despite these drawbacks I find it advisable to publish 
the paper in its present state. 

Like other young Norwegian geologists I have had the opportunity 
of doing field work for Norges geologiske undersøkelser (The Geological 
Survey of Norway), and the present paper is the result of this work. 
I am greatly indebted to the director of this Institution, Dr. Carl Bugge, 
for his hel p and interest. Without the financial support of the "N GU" 

the task could not have been accomplished. 
I made my first acquaintance with the problems of the Opdal 

area in 1938 while studying under Professor Ellen Gleditsch, when 
I was asked to try to determine the age of some rocks from the 
basal gneiss complex of the Lønset anticline by means of radioactive 
analysis. After working for more than a year in the laboratory on 
rocks from this area, I went to Opdal in the summer of 1939 to 
carry out field investigations in the Lønset anticline. The survey was 
made in connection with Professor Holtedahl's work in this area. 
In this way I became keenly interested in the geological and petro
graphical problems of the Opdal area, and since that time these 
problems have engaged most of my time. The laboratory work has 
been done at the Mineralogical Institute of Oslo University. Professor 
Dr. T. F. W. Barth, the director of the Institute, has accorded me 
every facility for the execution of this work. For these services, and 
for his very helpful suggestions and criticism, I wish to express my 
warmest appreciation and thanks. Discussions with my colleagues 
at the University and the "N G u� have been very helpful in the 
shaping of the manuscript, and I take this opportunity of tendering 
them all my best thanks. 

The work has been supported by grants from Nansenfondet, 
Det vitenskapelige forskningsfond av 1919 and Cand. jur. Halvdan 
Bjørums legat. It gives· me pleasure to acknowledge this invaluable 
financial aid. 
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INTRODUCTION 

In an earlier paper I have described the pre-Cambrian basal 
gneisses and the flagstone series in the Lønset anticline in the Opdal 
area. The flagstone series represents highly metamorphic eo-Cambrian 
sparagmite. In the same paper I have touched on some other rocks 
in the same region. These rocks are particularly the basic plutonites 
which are represented by Gråhø saussurite gabbroes, and some other 
rocks of the same kind; further the basic schists, which are found 
as a fairly constant horizon overlying the sparagmite. 

In connection with the basic schists coarse augen-gneisses are 
extensively found in this area. These augen-gneisses are mentioned 
several times in the literature by M. Bugge ( 1888), Tornebohm ( 1896), 
K. O. Bjørlykke (1905), V. M. Goldschmidt (1915-16), C.W. Carstens 
(1922-23-23 a, b) and O. Holtedahl (1938). The rocks are found 
from Drivstua to Driva along the Oslo-Trondheim highway, and 
further in a northwesterly direction towards Ålbu and to the west 
of Lønset, and as Holtedahl and Carstens have mapped, also in 
Trollheimen. These augen-gneisses have been interpreted in different 
ways by the various authors. 

V. M. Goldschmidt (1918) has indicated the approximate extend 
of the coarse augen-gneisses on a general map. On this map the 
augen-gneisses are marked along the western border of the Trondheim 
area and the Surnadal syncline. In all places they are closely connected 
with the green tuff and lava rocks series. As seen from Holtedahl's 
and my own maps, the same rocks are found far to the west of 
the belt which is marked on Goldschmidt's map. In this paper, 
however, I shall only deal with those parts of the rocks that are 
found on the map-sheet Opdal. 

In the pa per mentioned above I had no clear idea how to interpret 
these different rocks and to what rock series they belong. But 
further investigations have made it clear to me that the saussurite 
gabbro of Gråhø and some other smaller laccoliths and diabase dikes 
must be classified as basic mem bers of the opdalite-trondheimite 
rock ;series. These rocks represent, among others, saussuritized 
and partly metasomatically changed quartz-biotite norites. All these 
rocks are now found in epidote amphibolite facies. Especially in 
the Gråhø complex it is evident that a magmatic differentiation has 
taken place. Hypersthene diorites, opdalites and adamellites are here 
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found together with the usual Gråhø saussurite gabbro. This gabbro 
is in its chemical composition nearly identical with quartz-biotite norite, 
which Goldschmidt has described from Gissenåsen in the Opdal
Inset massif. These rocks are more closely dealt with later in 
this paper. 

As regards the basic schists, these must be interpreted as 
belonging to the green schist rock series. Like Carstens, I am inclined 
to believe that the series of the green Javas and tuffs are closely 
related to the opdalite-trondheimite series. It seems very probable 
that they represent supracrustal rocks, for instance corresponding 
to the norites of the opdalite-trondheimite series; and most of 
them seem to be effusives and tuffs mixed with pelitic and psammitic 
layers. In the Opdal area these rocks are found chiefly in 
epidote-amphibolite facies, but also in green schist facies. In the 
present paper these rocks will be called the Trondheim schists. 
As mentioned already, these rocks are found stratigraphically above 
the sparagmite without any Cambrian sediments between them. In 
the eastern part of the area, Silurian chalky sediments and chalk 
mica schists overlie the Trondheim schists. The Trondheim schists 
fully conform with the underlying sparagmite, and seem to have 
taken part in all the Caledonian movements. Because of the difference 
in age, this conformity must be regarded as a pseudo-conformity. 
While the Trondheim schists are to be regarded as pre-tectonian 
rocks, it seems probable that the horn blende dia bases and the saussurite 
gabbros are syntectonic eruptives and pro ba bly of earl y Caledonian age. 

Already in the previous paper dealing with the Lønset anticline, 
I have mentioned the coarse augen-gneisses and regarded them as 
metasomatic rocks. This does not agree with the older views concerning 
these rocks, but is in harmony with the modern view of the augen
gneiss problem. I hold that the augen-gneisses are formed by a 
post-tectonic granitization of pre-existing rocks and that these are 
closely connected with the green Javas and tuffs. All transitional 
rocks between hornblende schist and augen-gneiss can be found. At 
the same time small porphyroblasts of muscovite and albite are 
common in the Trondheim schists, especially in those rich in alumina. 
As mentioned in the previous paper and in accordance with Holtedahl's 
investigations, porphyroblasts of microcline are very common in the 
flagstone series. These circumstances have also been described by 
Carstens, and I fully agree with him in regarding these augen-gneisses 
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in the flagstone series as a product of metamorphism in the sparagmite. 
The augen-gneisses, however, which have been the chief subject of 
my investigations, are not those clearly connected with the flagstones, 
but the coarse augen-gneisses which seem to be associated with the 
femic rocks in the area. These femic rocks are the Trondheim 
schists and the gabbroid rocks at Gråhø. 

Together with the coarse augen-gneisses at Engan, truly granitic 
rocks are found partly as laccolithic intrusive bodies in the augen
gneisses and partly as pegmatitic veins cutting through augen-gneiss 
and hornblende-schists. These rocks are probably to be parallelled 
with the members rich in potash at the end of the trondheimite 
series. The granites are wholly unpressed. They cut through the 
schistosity of the augen-gneisses. They must be post-Caledonian 
aplitic rocks and seem to have been formed at rather Iow temperatures. 
They are almost free from dark minerals, containing rarely more 
than 2.5 Ofo biotite. In spite of tpeir being wholly unpressed, they 
exhibit a remarkable foliation or plate structure, due to muscovite 
lying in sub-parallel arrangement. 

As a step towards hyper-acid rocks, magmatic-hydro-thermal 
quartz-feldspar veins are found. The composition of these veins 
ranges from normal granite pegmatite to almost pure quartzite. 

MINERAL FACIES 

As mentioned in the introduction, the Trondheim schists and 
associated rocks are usually found in epidote facies. The term 
"epidote-amphibolite facies" cannot, however, be used exactly in 
the same sense in which Eskola employs it in his Orijårvi work. 
It seems more natura! to employ the facies classification as done by 
Th. Vogt on the sedimentogene rocks at Sulitjelma. The rocks at 
Opdal usually contain as characteristic minerals: horn blende, biotite, 
garnet, epidote and acid oligoclase. Among !hese minerals epidote 
and acid plagioclase always occur. The occurrence of biotite, horn
blende, and garnet depends on the chemical composition of the rock 
and on the degree of metamorphism. Thus, these rocks, according 
to Vogt, should be placed with the oligoclase-hornblende-almandine
schist facies, hornblende_:_almandine-schist facies, an-:1 almandine
epidote-schist facies. But rocks are encountered that may be placed 
in two of these facies at the same time. It is inconvenient to use 
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more terms than absolutely necessary; therefore we may gather all 
Vogt's facies into a single facies group which may appropriately be 
called saussurite facies. This is because epidote is the characteristic 
mineral. This facies is not identical with the epidote-amphibolite 
facies of Eskola, since the rocks always contain plagioclase and no 
pure albite. But it may be compared to Becke's floitite facies. I think 
it is incorrect to ignore the fact that plagioclase always contains more 
or less anorthite, and both Barth ( 1928, 1936) and Turner ( 1933) 

find that anorthite is present as a component in epidote-amphi
bolite facies. 

Let us consider a plagioclase crystal (composition: x anorthite, 
y al bite) in contact with water; we do not find the simple solubility 
relations as between salt and water. On the contra ry; first we observe 
a hydrolysis of the feldspar and later the products of the hydrolysation 
may part l y  dissolve. The reaction equation may be given thus: 

X Ca A12 Si2 Os ·Y N a Al Si8 Os+ 8 (X Y) H2 O -)-
X Ca (O H)2 + YNa O H + (2X + Y) Al (0 H)8 + (2X + 3Y) Si (O H)4 

or, if the product of the reaction is written in ion form: 

X Ca+++ Y Na+ + (2 X+ Y) OH-

The solubility of the hydroxides of alumina and silicium formed, 
depends on the PH of the solution. How the solubility of the hydroxides 
is affected by the PH is graphically shown in fig. l .  When feldspar 
dissolves in water the result will be a diluted solution of sodium (Na), 
calcium (Ca), alumina and silicium. If this solution attains equi
librium with a plagioclase of the composition X an. Y ab., the ratio 
of bases to alumina must be higher in the solution than in the 
plagioclase. On cooling, the plagioclase of said composition, X an. 
Y ab., will crystallize. Thereby the solution will become poorer in 
alumina and the state of equilibrium will be shifted to acid plagioclase. 
In the end the solution will be free from alumina, and only calcite 
and quartz will crystallize. In this way, the general trend of crystal
lization is analogous to that encountered in melts, viz: that the 
plagioclases richest in anorthite crystallize first. One should not be 
disturbed, therefore, by the circumstance that basic plagioclases are 
more easily weathered than acid ones. By weathering the dissolved 
products are removed and equilibrium between the dissolved phases 
and the solid crystals is never attained. This consideration leads 



112 IVAN TH. ROSENQVIST 
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to the important result that the content of 
alumina in a "plagioclase solution" is a function 
of the content of anorthite in the plagioclase, 
for: the ratio of alumina to bases increases 
rapidly with an increasing anorthite content of 
plagioclase. 
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From a solution containing calcium, alumina 
and silica there is a possibility of forming zoisite, 
for instance according to the following scheme: 

2 Ca+ + + 3 AIO,;-+ 3 Si02+ OH-� 

Ca2 Als Sis 012 (OH) 

o f-r-.---r-r"T--r-'1'--r=T--r---. 
O 1 2 3 9 56 7 8 9 WN 

Although it has been impossible thus far to 
make zoisite artificially in the laboratory, 
geological considerations indicate a hydrothermal 
mode of formation of the mineral and a reaction 
like the one mentioned above seems reasonable. 
At a given temperature and pressure we may 
put down the solubility product for the reaction 
mentioned, in the following way: 

PH-+ 

Fig. I. The solubility of 
Si02 and Al (OH)s as 

functions of pH. 
(After Scharrer.) 

C2ca. C3Aw • •  CoH = K 

As already stated, the "plagioclase solution" will commonly contain 
more bases than alumina, and since alumina occurs in the third 
power while calcium occurs in the second power and hydroxyle in 
the first power in the equation, we may as a first approximation 
regard the concentration of calcium and hydroxyle as constant during 
the crystallization of zoisite. From the circumstances mentioned above 
we may conclude that a certain minimum concentration of alumina 
is necessary if zoisite is to crystallize from the solution. Provided 
more alumina occurs in the solution, zoisite will precipitate until 
the solubility product has been reached. At a given temperature and 
pressure, therefore, zoisite, clinozoisite will be stable together with 
plagioclase of a given composition, while a more basic plagioclase 
will be dissolved. In other words, the plagioclase will become 
saussuritized. Starting from a mixture of zoisite and plagioclase, on 
the other hand, and changing the thermodynamical conditions in a way 
that makes a more basic plagioclase stable, the zoisite will dissolve 
and the plagioclase richer in anorthite will form. The result of this 
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process will be an inversely zoned plagioclase as often found in the 
crystalline schists. This process may appropriately be termed a 
desaussuritization. 

Since the heat of formation is unknown in the case of zoisite 
and since zoisite never has been artiflcially formed, we have no 
possibilities of determining the absolute alteration curve between 
plagioclase and zoisite. From geological experience and theoretical 
considerations we may obtain a relative conception of the nature of this 
curve. Geological evidence indicates that saussuritization is favoured 
by decreasing temperature and increasing pressure. Thus temperature 
and pressure would seem to have opposite effects. In the regional 
metamorphic rocks, however, a change in temperature seems to be 
of greater importance than a change in pressure, and it is generally 
found that a decrease in temperature promotes the saussuritization. 
In other words, we may say that a lower facies corresponds to a 
more acid plagioclase in equilibrium with zoisite. However, this 
relation will not be a first power function of facies. We have previously 
seen that the alumina content of the solution rapidly increases, when 
the anorthite content in the plagioclase in equilibrium with the solution 
increases. We may therefore surmise that the difference in facies 
between a bytownite-zoisite assemblage and an andesine-zoisite 
assem blage is insigniflcant, while the re must be a considerable difference 
in facies between two rocks assemblages, the one containing andesine
zoisite, the other containing oligoclase-zoisite or albite-zoisite. This 
is in harmony with the experimental data for the spilite reaction, and 
it is in good accordance with the petrological facts ( Turner op. cit.). 
While oligoclase and zoisite in equilibrium are fair! y common, andesine 
or labrador in equilibrium with zoisite is rarely encountered. Such 
rocks, however, are known from different places in Norway. From 
micro-picture plate IX, flg. 2 we have an excellent example showing 
zoisite in equilibrium with albite oligoclase. Hence it seems very 
unreasonable to regard zoisite as a primary mineral i!1 magmatic rocks. 
In pegmatites and hydro-thermal veins, however, it may occur, since 
the temperature during the formation of these rocks has been so 
low as to allow zoisite to crystallize. Thus zoisite must be considered 
as a primarily metamorphic mineral. 

The difference between my opinion of saussurite facies and 
Eskola's opinion of epidote-amphibolite facies is that he is all the 
time treating plagioclase as if it were two minerals, anorthite and 
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albite. In my opm10n this view of plagioclase is untenable, as the 
mineral must be treated as a single phase. Given a rock free from 
sodium, the only feldspar minerals being anorthite and potash feldspar, 
my way of looking at the saussuritization would lead to the same 
results as Eskola arrived at, viz: under certain thermo-dynamical 
conditions the anorthite will become unstable and pass into zoisite. 

It is also worthy of note that Vogt in the Sulitjelma area always 
finds that the albite contains a quantity of anorthite even in the rocks 
that he himself refers to epidote-amphibolite facies. Eskola assumes 
that floitite facies or saussurite facies, as I prefer to call it, is no 
real facies. In his opinion the content of anorthite in the plagioclase 
is a relic. It seems to me that theoretical as well as empirical 
considerations indicate that anorthite is stable. 

In accordance with these views it is necessary, when the rock 
is to be placed in an ACF diagram, not only to give the ACF values, 
but also to state the composition of the normative and modal plagioclase. 
This is most easily done by a fraction, the numerator being the 
anorthite content of the modal plagioclase and the denominator being 
the anorthite content of the normative plagioclase. This fraction might 
appropriately be called the anorthite quotient. A Trondheim schist 
for instance, which will be dealt with on p. 145, has a normative 
plagioclase with an anorthite content of 80 °/o. A microscopical 
investigation, however, discloses that the modal plagioclase contains 

only 20% anorthite. In this way the anorthite quotient becomes ��, 
and it follows that the anorthite quotient may vary between O and l. 
When the anorthite quotient becomes O the rock passes from saussurite 
facies into green schist facies, and when the anorthite quotient 
becomes l, the rock passes from saussurite facies in to amphibolite 
facies, as all zoisite disappears. In rocks extremely poor in calcium, 
we may have the possibility that calcium is not present to an extent 
sufficient to form so much anorthite as might be present in the 
plagioclase at a temperature and pressure corresponding to the 
metamorphism. In this way we may have rocks free from zoisite 
under conditions where zoisite is present in another rock richer in 
calcium. The result will be rocks free from zoisite in the stability 
range of saussurite facies. Under such conditions the common division 
in amphibolite facies, epidote-amphibolite facies would seem to be 
very doubtful. 
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The chief characteristic of the anorthite quotient is the numerator, 
as this denotes what percentage of anorthite can possibly be contained 
in the plagioclase in solid solution under the thermodynamical 
conditions to which the rock has been exposed. This figure is directly 
dependent on pressure and temperature, as can be seen from 
Clausius-Clapeyron's equation: 

d T  T 6 V 
d p ----er-

From this equation follows that the differential change of a transition 
point is inverse1y proportional to the heat of transition and proportional 
to the absolute temperature of the transition point and the change 
in volume. 

In the Trondheim schists of the Opdal area it seems as if the 
saussuritization has followed this equation: 

anorthite + pyroxene + water � zoisite + garnet + quartz 

4 Ca A12 Si2 08 + 3 Mg Si 03 + H2 O � 
2 (O H) Ca2 Al3 Si8 012 + Mg8 Al2 Si3 012 + 3 Si 02 

In this reaction we find by summing up the molecule volumes on 
each side of the arrows, that an increase of pressure favours the 
reaction from left to right. An increase of temperature, however, 
favours the opposite reaction: 

4· 100.5 + 3·32.3 + 18�2. 141 + 114 + 3. 22.5 
516.9 463.5 

Since artificial epidote cannot yet be made, the spilite reaction 
which is well known from the synthetic studies of Eskola and 
co-workers may be taken as an analogous example. From the spilite 
reaction we know that calcium carbonate and plagioclase are in 
equilibrium at high temperature, and calcium carbonate and albite 
at low temperature. 

Biotite is a stable mineral in the saussurite facies. Often it seems 
as if biotite has been formed by reaction between garnet, potash 
feldspar and the antophyllite component of the hornblende with 
incorporation of water. This reaction will usually take place simul
taneously with the saussuritization. In this way the garnet material 
which develops by the saussuritization, passes immediately into biotite 
and does not crystallize. The reaction may be put down as follows: 
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2 K Al Sis 08 + (Mg , Fe)s (Al Fe)2 Si8 012 + t (Mg, Fe)7 Si8 02s + H2 O� 

H2 K2 (Mg, Fe)4 (Al , Fe)4Si5020+ 5Si 02 

Biotite is usually formed by decreasing temperature and parallel. to 
a developing saussuritization. Hence the nominator of the anorthite 
quotient will be a measure for the amount of biotite, provided the 
rock does not contain an excess alumina. The limitation, however, 
must be observed, that we cannot have more biotite than the corre
sponding amount of potash. An instance of this is the Trondheim 
schist (41/40), which contains biotite, garnet, and hornblende. This 
rock does not contain any potash feldspar. This is wholly in harmony 
with the mineralogical phase rule of V. M. Goldschmidt: "The number 
of minerals is equal to the num ber of components". In this case 
we have an excess of Si02 and water. Hence the components must 
be: Al2 Os, K2 O and (Fe, Mg) O. Three of the four minerals: garnet, 
hornblende, biotite and potash feldspar can be stable simultaneously. 
As a fourth component we have water, and if water is not present 
in excessive quantities, all the four minerals can be present at the 
same time. 

As for chlorite, this mineral is stable in the saussurite facies. 
Th. Vogt ( 1927) describes the transition of horn blende in to clino
zoisite + chlorite + actinolite + quartz. If sufficient potash feldspar is 
present, it will react with the chlorite and form biotite. At low 
temperature garnet does not seem to be stable together with biotite 
and chlorite, and we on! y have the two minerals: biotite and chlorite. 
It is therefore natura! to put the boundary between green schist facies 
and saussurite facies just at the transition point hornblende-chlorite, 
etc. The transition hornblende-zoisite+chlorite, etc. will first occur 
after all anorthite has been saussuritized and the anorthite quotient 
has reached zero. Antophyllitic hornblende, however, may chloritize 
without the formation of zoisite and it is possib1e that this reaction 
takes place befare plagioclase has been fully saussuritized. If potash 
feldspar is present, chlorite will not be stable in epidote facies and 
consequently it looks as if chlorite belongs to the green schist facies. 

The composition of biotite may vary between 

annite= H4K2 (Mg, Fe)6AI2Si6024 and 

siderophyllite = H4 K2 (Mg, Fe)3 A14 Si6 024 and 

common biotite =ca. H4 K2 (Mg, Fe)4•0 Als Si6 024 



METAMORPHISM AND METASOMATISM IN THE OPDAL AREA 1 17 

In the calculation of the ACF values, however, we have subtracted 
the alumina combined with potash in the potash feldspar, from the 
total amount of alumina. Placing the biotite in an ACF diagram we 
must therefore subtract as much alumina as corresponds to the 
potassium, from the alumina in the formula. The biotite may be 
written in this way. 

annite: 6 Mg O+ 2 or. + 2 H20 

siderophyllite: 3 (Mg, Fe) O, Al2 08 + 2 or. + 2 H2 O 

biotite: ca. 4. 5 (Fe , Mg) O, � Al2 08 + 2 or. + 2 H2 O 

Taking this view we do not need to introduce any other correction 
for the content of alumina and potassium in biotite. The only 
thing necessary is to give biotite the place in the ACF diagram 
which follows from the above-mentioned formulas, i. e. a field ranging 
from the F corner which represents annite, to the co-ordinates: 
A two-fitfhs, F three-fifths, representing siderophyllite. Since quantities 
of calcium, by no means always insignificant, are as a rule present 
in t he biotite, the bi o tite field will stretch somewhat out from the 
line AF  towards the corner C. 

As regards the chlorites the rock-forming chlorites seem to vary 
in composition between pure amesite and a mixed crystal, 50% 
amesite and 50% antigorite. These theoretical formulas, however, 
are not exactly followed, as the chlorites as well as the biotites always 
contain some calcium. Hence the chlorite field, just like the biotite 
field, will bulge out from the line AF. Since the chlorite and the 
biotite fields coincide in extent, and since the presence of these two 
minerals depends upon the potash content of the rock, the two fields 
should be plotted with dotted boundaries. Thus is demonstrated that 
these minerals are not necessarily members of the facies paragenesis, 
but that their existence depends upon chemical conditions, such as 
the content of water, potassium, etc. in the rock. Corresponding to 
the coordinates A=two-fifths, F �=three-fifths, we find a coincidence 
between the three minerals: garnet (almandine), biotite, and chlorite. 

As regards muscovite, this mineral is stable in the saussurite 
facies, and if sufficient potassium is present in the rock, this mineral 
is represented by the A corner of the ACF diagram. If the necessary 
amount of potassium is lacking, this corner seems to be represented 
by cyanite. 

Norsk geo!. tidsskr. 22. 8 



118 IVAN TH. ROSENQVIST 

Muscov i te 

Fig. 2. Some Opdal rocks placed in the ACF diagram of the saussurite facies. 

Note the anorthite quotients. 

M = Muscovite porphyroblast schist ("tuff"). 

G = Muscovite gran i te, N Engan. 

P = "Porphyrite", W Tilset. 

H =Horn blende schist, Tilset. 

p = Porphyroblast se hist, W Tilsethaugen. 

A= Augen-gneiss, Rise. 

a = Augen-gneiss, Rise bridge. 

On page 154 an extended discussion of the existence of muscovite 

in the saussurite facies is found. 
In parageneses poor in potassium staurolite is present, in particular 

at low temperatures and when there is a sufficient amount of water. 

This mineral has as yet not been found in the Opdal district, so I 
can only refer to Barth's and Vogt's observations from other areas. 
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Hus�vite 

Fig. 3. ACF diagram of epidote-amphibolite facies as found in limestones in 

southern Norway (re-drawn from Barth). 

In rocks rich in calcium, diopside seems to be stable together 
with zoisite, plagioclase, and horn blende; or, if the rock is still richer 
in calcium, calcite enters the paragenesis instead of hornblende. In 
t,he Iower part of the saussurite facies, diopside is rep1aced by dolomite. 
This is in accordance with Barth's observations. It seems, as if it 
is not only pressure and temperature that influences the transition 
from diopside into dolomite. The amount of C02 present is definitely 
of great importance. I fully agree with Barth in his criticism of 
Turner's assumption ( 1935), viz: that several facies rna y be stable 
under the same thermodynamical conditions if the amounts of water 
and C02 are changed. In this way the minerals diopside and dolomite 
are both represented by the coordinates C �. F !. This is the same 
as I have already mentioned for almandine, biotite, and chlorite. As 
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regards the horn blende field it seems to me as if there exist transitions 
between actinolite and anthophyllitic hornblende. Hornblende of such 
a composition appears to be present in some of the Trondheim schists 
of the Opdal area. Thus this hornblende corresponds to the pigeonitic 
pyroxenes. 

In my opinion the ACF diagram for the saussurite facies will 
be as indicated in fig. 2. As will be seen, this diagram has received 
elements both from Barth's and Eskola's diagrams for the epidote 
amphibolite facies. Barth's diagram is shown in fig. 3. In his diagram 
a paragenesis with epidote plus staurolite, cyanite or muscovite cannot 
be shown. Such parageneses, however, are very frequent. His opinion 
that anorthite, as a component of the plagioclase, occurs in epidote 
amphibolite facies, is correct. lf anorthite and epidote are to be 
shown simultaneously in an ACF diagram, a tetrahedron diagram 
must be employed. In this tetrahedron the fourth corner is represented 
by albite. However, I am of the opinion that the anorthite quotient 
more expediently expresses the amount of anorthite in the plagioclase. 
In calculating the ACF values, I employ the same method as Eskola, 
the only difference being that I correct for the amount of CaO and 
Al208, which is represented by the anorthite con tent of the mod al 
plagioclase. 

I propose that, instead of using the molecular proportions, the 
atom proportions ought to be employed, i. e. instead of using Al208 
! Al208 is used. It appears more natura] for instance to give zoisite 
the coordinates A= 3/5, C= 2/5. In fig. 3 I have re-drawn Barth's 
diagram accordingly. 

GENERAL REMARKS ON THE GEOLOGY 

The part of the Opdal area which I have had the opportunity 
to survey during the summer of 1939, 1940 and 1941 is situated to 
the south of the area which Holtedahl has treated in his paper (1938). 
In my earlier paper I dealt with the chief part of this area, giving 
my special attention to the rocks overlying the basal gneisses of 
the Lønset anticline. In the summer of 194 l I was assisted by 
stud. real. Johannes Dons, who has surveyed parts of the area lying 
farthest to the south-west. Although the detailed mapping has not 
yet been finished, l am able to give some remarks concerning the 
geological properties of the area. I am chief ly relying on the results 
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previously published, and on Holtedahl's survey of the northern 
part of the area. The sketchmap fig. 4 is chiefly a result of my own 
investigations, but in order to improve the total impression I have 
employed some of M. Bugge's and Holtedahl's data. As seen from 
the map the chief part of the area surveyed consists of the so-called 
basal gneisses. This gneiss, or as is more correct, this gneiss complex, 
is, as I have already stated, of pristine pre-Cambrian age. 

In the northern and eastern part of the Lønset anticline this 
Archaean gneiss complex has resisted the Caledonian movements 
fairly well. The movements have only resulted in the upfolding of 
a great anticline. The dip of the anticline is almost perpendicular 
in the western part. Along the eastern part of the boundary of 
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the basal gneisses the dip is 50 to 60 degrees to the east. In the 
south-western part of the area, however, the geological conditions are 
more complicated (fig. 5). Here the Archaean rock complex is strongly 
deformed and it looks as if an overthrust has formed a decke over 
the younger Sparagmitian flagstone. In this way the tectonic in this 
area seems to be very similar to conditions described by Holtedahl 
in the area north of the river Driva in the Trollheimen district. 
The profile north-south from the farm Sliper to Flatbekktjernet 
has been drawn partly in accordance with Dons's observations. 

As seen from the map the basal gneisses are always overlain 
by rocks of flagstone-like appearance. These rocks are certainly of 
sedimentary origin. The undermost part of the sediment complex 
consists of a conglomerate horizon which attains a thickness of 
50 metres in its present squeezed condition. In some places the 
flagstones seem to pass gradually over into the basal gneisses. This 
is the result of an intense metamorphism, which has induced a similar 
petrofabric in rocks of analogous chemical composition. Most frequently 
the basal conglomerate has been deformed and re-crystallized beyond 
recognition. In all probability the flagstone represents a sparagmitian 
sediment of eo-Cambrian age. Over the flagstones and as infoldings 



METAMORPHISM AND METASOMATISM IN THE OPDAL AREA 123 

in them, some dark schists are found. These rocks now and then 
show remnants of porphyric structures. Holtedahl has termed them 
Trondheim schists, and there is every reason to believe that they 
represent metamorphic facies of tuffs and lavas of the Trondheim 
field. In part we have to do with rocks of intrusive origin, but more 
often they seem to represent true effusives. Pelitic and psammitic 
rocks are often found in this rock complex. In this rock complex 
as well as in the flagstones and the basal gneisses, distinct augen
gneisses frequently occur. As will be shown later, I regard these 
augen-gneisses as products of metamorphism. Younger, but also 
pre-Caledonian, plutonites appear in the area. The !argest of these 
is the Gråhø saussurite gabbro. This gabbro appears as a big laccolith 
in the sparagmitian flagstone. In the eastern part of the area some 
laccoliths or phacoliths of the same petrology are encountered in the 
Trondheim schists. 

East of the river Driva marble rocks and calciferous mica schists 
of presumably Silurian age are found. These rocks overlie the dark 
Trondheim schists concordantly. 

What appears most striking to a geologist working in the Opdal 
area, is the complete conformity between the different rocks. This 
fact has been noted by all investigators who have worked in this 
area. Since a great difference in age between the different rocks of 
the area is manifest, primary discordances must have been present. 
Hence the conformity now found must be a pseudo-conformity of a 
secondary order. It is probable that all structures in the Opdal area 
are of secondary origin, caused by Caledonian metamorphism. Only 
in a few cases do primary structures appear as relics. To a great 
extend the schistosities now found seem to be parallel to the primary 
foliations and layers of the rocks. It is reasonable, therefore, that 
the pre-Caledonian structure elements have ranked themselves among 
the Caledonian structures. 

As mentioned in the introduction, a number of light granitic 
rocks are found in the eastern part of the area. These rocks are 
quite uninfluenced by Caledonian metamorphism and they are the 
youngest rocks occurring in this district. 



124 IVAN TH. ROSENQVIST 

THE BASAL GNEISSES 

The basal gneiss complex consists mainly of gneiss-granites 
and augen-gneisses, but amphibolitic layers are not rare. Some of 
these layers are probably of Caledonian origin, representing basic 
intrusives. Most of them, however, appear to be older and nothing 
certain about their genesis can be stated. I think that most of them 
have been produced by metamorphic differentiation in the gneiss. 
Their thickness ranges from a couple of millimetres to about lO metres. 
Often a distinct Soret effect can be observed along these veins. 
Because of this, parts of the basal gneisses must be regarded as 
venites. The main type of rock among the basal gneisses is the 
augen-gneiss. This augen-gneiss in the basal gneiss complex exhibits 
a more or less distinct porphyroblast structure and in appearance 
it differs from the coarse augen-gneisses, which will be dealt with 
presently. I suppose, however, that even the augen-gneisses in the 
basal gneiss complex have received their structure through Caledonian 
metamorphism. 

The minerals of the basal rocks are always the same, although 
their relative abundance varies considerably. The minerals are: quartz, 
microcline, oligoclase, epidote (clinozoisite), biotite, and hornblende, 
- in smaller amounts chlorite and muscovite are found. As accessories 
apatite and titanite are present. It seems as if the basal gneisses 
are not made up of a single rock type, but consist of various rocks 
all of granitic chemistry. It has, however, been impossible to distinguish 
the different types. The basal gneisses embrace augen-gneisses and 
gneiss-granites. The augen-gneisses appear to be older than the gneiss
granites, and I am inclined to believe that the augen-gneisses are 
old ichor gneisses, while the gneiss-granites would seem to be of 
magmatic origin. In my earlier treaties I have described a sample 
of the augen-gneisses in the basal gneiss. I shall here repeat what 
I wrote on this rock. 

Augen-gneiss rich in biotite (Hol, Opdal). 

In thin-section the following minerals were observed: 

Ca. 25 Ofo dark biotite. 
» 5 DJo horn blende with the following constants: 

oc yellow-green, � grass-green, and y blue-green, + 2V ca. 80°, 
c: y= 13°. These are exactly the same constants as found else
where in the district. 
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Ca. 200Jo quartz, strongly undulating. 
» 40% feldspar, one third of which is microcline, the rest being 

oligoclase with 18% an. The microcline has small quartz inclusions 
and seems to be granophyric. 

,, lOOJo zoisite, + 2V ca. 50°. 

The presence of clinozoisite shows that not all lime can enter 
the plagioclase. It is characteristic that the micas of the basal gneisses 
are bent and partly twisted. This clearly indicates that the upfolding 
must have taken place after these minerals have been formed or 
at !east that the rocks have been strongly deformed. An analysis 
made by Mr. B. Bruun of the Mineralogisk institut, gives the results 
shown by table l. 

Ta b l e  I. 
Augen-gneiss, rich in biotite 

Si01 . . . • . . • 

Ti02 • • • • • • • 

Al10a ..... . 
Fe208 • • • • • •  

FeO ...... . 
MnO ...... . 
MgO ...... . 
CaO . . . .. . . 
Na20 ..... . 
K10 ..... . . 
H20-r .. . . . 

63.37 °/o l Q ........ . 

0.80 Or ... .... . 
16 10 Ab ....... . 

2.29 An . . . . . .. . 
3.77 Wo ... .. . .  . 

0. 11 En ....... . 
2. 10 Fs ... ... .. . 

3.94 Il o o o o o o o o o 

382 Hm . . . . . . . 
2.62 

0.97 Sal. ...... . 
0.04 H,O- .... . 

-----7----- l Fem . ..... . 

Sum l 99.93 0/o Ore ...... . 

18.8 0/o 
15.6 

32.4 

18.5 

0.2 

5.2 

5.7 

1.5 

2.2 

86.3 0/o 

1 1. 1  » 

3.7 • 

As will be seen, the microscopical mode of this rock is not in 
good accordance with the result obtained by the norm calculation. 
This is due to the circumstance that the rock is not homogeneous, 
as the "eyes" appear as large, light patches in a rock of even-grained 
composition. I do not think that the augen-gneiss structure is of 
pre-Caledonian origin, but I believe that the rock in pre-Caledonian 
times was of such a composition that the porphyroblasts were able 
to form during the Caledonian metamorphism. 

A banded gneiss (venite) 200 m E of Storhaug again represents 
another type. 

Metamorphic differentiation induced by the igneous rocks of Gråhø 
may be responsible for the formation of the banded gneiss; the dark 
constituents may have separated out according to Soret's principle. 
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l mm 

Fig. 6. Banded gneiss 200 m E of Storhaug. 

The layered structure has probably no simple relation to the 
original banding or to tectonical movement. 

The minerals are: 18 Ofo acid oligoclase; quartz; microcline; 
muscovite; biotite; epidote: (-) 2V=ca.70°, c:y= 2°-4°, r>v. 
Ore minerals are not present. Fig. 6 shows that the metamorphism 
has been thorough and that equilibrium has been attained. 

Ta b l e  I l. 
Analysis of banded gneiss (venite), 200 m E of Storhaug 

(part of the basal gneiss complex). 

Si02 o o o o o o o o o o o o o o o 73o55 

Ti02 o o o o o o o o o o o o o o o Oo11 

AliOs • o o o o o o o o o o o o o 1 1 .71 
Fe203 o o o o o o o o o o o o o .  1.69 

FeO o o o o o o o o o o o o .  o o 1o66 

Mn O o .  o o o o o o o o o o o o 0007 

MgOo. o . . .  o o o o o .  o o .  0067 

Ca O • • • •  o o o o o .  o o . o o 2062 

N a,O o o o o o o o o o o o o o .  4051 
KiO o o o o • •  o o o .  o o o o o 2075 

H,O+ o o o o • • • .  o .  o o o o 0.45 

H,O+ . • • • . •  o o o o o o o o 0002 

P.o� o o O  o o o o o o o o o o o o  o oa 1 

Sum l 100012 
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Into these rocks the gneiss-granites were intruded in pre-Cambrian 
times. Often it seems as if the gneiss-granite passes by gradation 
into augen-gneiss, but in some cases sharp boundaries between the 
gneiss-granite and the augen-gneisses are found. This is especially 
the case when the gneiss-granite is particularly rich in quartz, as in 
some a pli tie veins. The following analyses Nos. l, 2, 3, indicate this. 
Nos. l and 2 are quoted from Barth's paper (1938); No. 3 has been 
taken from my own paper. The rocks l and 2 represent gneiss
granites from greater rock massifs; No. 3 is a red gneiss-granite, 
found as an acid dyke in the augen-gneiss. 

l. 
2. 

3. 

Ta b l e  Ill. 

Analyses of various basal gneisses. 

Si02 • . • • • • • • • • •  

Ti02 • • • • • • • • • • •  

Al20s . ......... 
Fe20s ...... .... 
Fe O • • •  o • • • • • • •  

MnO ........... 
MgO . . . ... . . . . .  
CaO .... . ..... . 
Na20 • • •  o • • • • • •  

K20 . . . . . . . . . . .  
H20 ...... . .... 
P206 ... .... .... 

Sum 

Q . . . . . .. . . . .. . 

Or ........ ..... 
Ab 
An 
c 

o • • • • • • • • • • •  

• • • • • • • • • • •  o 

• o • • • •  o .  o • • • •  

Wo .... .... .. .. 
En .. . . . . . . . . . . 
Fs ......... .... 
Il ......... . .... 
Hm . . . . ... .. . . . 
Mt . ..... .. . . . .. 
Ap . . • . . . . . . . . . .  

65.97 

0 . 52 

16.67 

3 58 

0.82 

n. d. 
1.20 

3.3 5 

3.1 7 

3 .91 

0.79 

0.10 

l 100.08 

23.4 

23.1 

2 6. 8  

1 6.6 

30 

1.0 

2.8 

1. 2 

0.2 

2 3 

61 . 0 7  76.14 

0 .96 n. d. 
16.61 13.17 

3.2 1 0.41 

2 6 5  0.58 

0 0 3  0.1 0 

1 .65 0.03 

4 97 0.82 

3.79 3 .0 5 

3 .61 5 . 28 

0.97 0. 40 

0 .25 -

99.77 l 99.98 

2 3 

13 .6 33.9 

21.3 31.5 

32 .0 28. 0 

18.2 4.0 

I.l 
1.4 
4.1 

0.6 

1.8 

0.8 

3.5 0.5 

0.6 

Basal gneiss underlying t he flagstone, Bø, Opdal. 
Basal gneiss, more coarsely grained, Hol, Opdal. 
Red gneiss-granite, found as an a eid dyke in the augen-gneiss. 
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The first two analyses represent rocks of granodioritic composition. 
The third rock must be called granite-aplite. They all appear to be 
of nearly the same age. As for the first two rocks, they have not 
necessarily had the same original composition, for it is possible that 
a Caledonian granitization may have altered the composition. Structurally 
these gneiss-granites clearly differ from the average augen-gneiss. 
As regards the third rock, this is of an extremely acid character and 
it is impossible that this rock should have suffered any Caledonian 
granitization, for a granitic ichor would not react with this acid rock 
as long as rocks richer in alumina and lime are found. 

l cannot share Barth's opinion that the rocks in the basal 
gneisses are to be regarded as Caledonian migmatites. Although they 
may have been exposed to a certain Caledonian metasomatism, l do 
not think that they have been below any migmatite frontier in 
Wegmann's sense of the word. 

What is most characteristic of the basal gneisses is their great 
content of zoisite, and they may all be grouped under the saus
surite facies. 

THE FLAGSTONE SERIES 

The flagstones in the Opdal area are rocks of light muscovite
gneissic habit. They are of sedimentary origin and in all probability 
this sediment can be compared to the sparagmite of South-Eastern 
Norway. Barth and Holtedahl have described these rocks, and I 
shall not here give any further treatment of this matter. Barth and 
Holtedahl called these rocks granulites and Barth says, that the rocks 
are present in granulite facies. This is an unhappy term, Barth has 
used "granulite facies" as opposed to the "schistous facies", and does 
not mean that the rocks exhibit the minerals characteristic of the 
granulite facies in Eskola's sense of the word. As the rocks are 
granular in habit, and Scottish petrologists apply the term granulite 
to similar rocks in Scotland, the mistake is understandable. I have 
also used the term granulite for these rocks, but I should prefer 
the term that Carstens employs, viz: leptite. These rocks are chiefly 
known from the flagstone quarries at Engan, and l prefer to term 
the whole metamorph sparagmite series flagstones, although they 
have not always the characteristics of the flagstones. Concerning 
the mineral facies of the rock, these rocks provide an excellent 
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example of the existence of the saussurite facies. The rocks which 
are of sedimentary origin, show few or no traces of clastic minerals. 

In one thin section odd rounded grains of rutile are present. 
They are the only minerals whose clastic mode of origin is certain. 
But some of the feldspar grains probably represent slightly altered 
clastic grains. 

In the eastern part of the area, between Engan and Drivstua, 
the plagioclase of the flagstone is very acid with an anorthite content 
of less than 10% and frequently with a fairly large content of epidote. 
When the metamorphism gradually increases, the anorthite content 
of the plagioclase increases up to almost 20% on the western side 
of the Lønset anticline. At the same time the amount of epidote 
decreases. When the anorthite content of the plagioclase exceeds 10 
to 12 °/o, epidote is on ly found in varieties extraordinarily rich in lime. 

Muscovite augen-gneisses are often found as an integral part of 
the flagstone series. These light augen-gneisses do not seem to present 
any problem at all. No immigration of feldspathic material seems 
to have taken place. The muscovite augen-gneisses are wholly a 
result of metamorphic differentiation. This view is also taken by 
Carstens ( 1922). As for the other augen-gneisses in this area, Carstens 
has, however, the entirely opposite opinion. In a subsequent chapter 
I shall deal especially with the mechanism of the formation of 
augen-gneisses. 

THE PLUTONITES 

O F  THE OPDALITE-TRONDHEIMITE SERIES 

Gabbroid and Semi-Gabbroid Rocks. 

In several places in this area rocks of saussurite-gabbroid 
petrology are found. Most often these rocks occur as intrusives in 
the Trondheim schists and in the augen-gneisses. The only place 
where saussurite gabbro is found as a larger massif, is in the Gråhø 
district. In the previous paper I have already treated the Gråhø 
saussurite-gabbro. Later I have found rocks of the same type, 
especially east of Blakhaugen in Tronfjell. Here several smaller 
gabbro bodies, varying from a few m2 to 2 km2 are found. The exact 
extent of these small gabbros is usually difficult to ascertain, the 
surface being covered by loose material below the timber-line. 
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The gabbros seem, however, to form intrusives mostly in the 
augen-gneisses. 

Into these small gabbros a strong Caledonian schistosity has 
been induced, even in the central parts. Thereby they have acquired 
an appearance like that of the hornblende schist, and when they are 
intruded in the Trondheim schists the boundaries are very difficult 
to detect. The boundaries are always conform with the foliation of 
the surrounding rock. These rocks appear as great phacoliths or 
laccoliths. I choose to call this mode of occurrence laccolithic, although 
I should think that phacolithic is the more correct term, since the 
gabbros occur in thin lenses following the schistosity of the adjacent 
rocks. V. M. Goldschmidt, however, has applied the word laccolith 
to rocks occurring in a similar way in the Stavanger area.' 

The fact that Gråhø saussurite-gabbros cut the eo-Cambrian 
flagstones and that they at the same time contain inclusions of the 
sparagmitian basal conglomerate in an undeformed state, demonstrates 
that the Gråhø rocks must be post-Sparagmitian and pre-Caledonian. 
Simultaneously rocks corresponding to the Gråhø saussurite-gabbros 
were intruded in the Trondheim schists at Blakhaugen. These 
Trondheim schists, which consist of green Javas and tuffs, are probably 
of Ordovician age, and the plutonites must therefore be of early 
Caledonian age. The same age is assumed for most of the basic 
members of the opdalite-trondheimite series elsewhere in Norway. 
In accordance to Carstens, I am inclined to think that the green 
lava rocks must be interpreted as effusives corresponding to the basic 
members of the opdalite-trondheimite series. In this way we find 
that the plutonites are intruded in their own effusives. 

The Gråhø saussurite-gabbro has an extent of 5 · 2 km, while 
the usual small gabbro intrusives va ry from a few metres to 2 ·l km. 
Since the rocks east of Blakhaugen are found more or less parallel 
to the foliation, nothing definite can be said about the thickness of 
the intrusives. As a rule they seem to be rather thin. 

Saussurite-gabbroid rocks are mentioned by Carstens several 
times. He has found such rocks both in the Opdal quadrangle and 
on the neighbouring quadrangle to the north, Trollhetta. Holtedahl 
has also mapped rocks which certainly belong to this category. 

The saussurite-gabbros in the Opdal field have an average 
mineralogical composition, approximately as follows: 

1 S. Foslie, in "Råna norittfelt", used the term phacoliths for rocks occurring in 

a similar manner. 
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Ca. l O OJo biotite 
» 300fo hornblende (uralite) 
>> 30% oligoclase 
>> 20 OJo clinozoisite 
>> l O Ofo quartz. 

This compositiOn makes it difficult to place these rocks in any 
definite eruptive series. Looking at the chemical composition, how
ever, we find great similarity to the basic members of the opdalite
trondheimite series. 

Below, some analyses from the Gråhø massif are compared with 
rocks from Gissen åsen and Aust berget in the Opdal-Inset massif. 
The analyses of these rocks are taken from Goldschmidt's treatise 
on the eruptive rocks of the Caledonian mountain chain ( 1916). 
The similarity between the corresponding analyses is striking. The 
differences are chiefly due to the fact that the rocks from Gråhø 
are uralitized and saussuritized. Because of this the Gråhø rocks 
contain more ferric oxide and water than the corresponding rocks 
from the Opdal-Inset massif. The mode of differentiation within 
the eruptive massif is the same at Gråhø and Opdai-Inset. The acid 
trondheimitic members seem to be more scanty at Gråhø, but here 
also acid boundary facies are found. These boundary facies are 
represented by apophyses and smaller patches of opdalites, trond
heimites, and adamellites. Moreover, rocks are founa that seem to 
be reaction products between the igneous rock and the flagstone in 
which they are intruded. 

Ta b l e  IV. 

2 3 

Si02 • • • • • • • •  51.96 5!.6 7 57 02 

Ti o. • • •  o • •  o 1.00 1.82 0.98 

Al209 • • • •  � • • •  16.84 15.42 16.93 

Fe203 • • • • • •  3 .35 1.04 3.61 

Feo ........ 7.08 9.32 5.7 1  

MnO . . . . . . .  n. d. 0.19 0.16 

MgO . . . . . . .  5.24 7.13 2. 12 

CaO .. . . . . . .  8.22 8.56 4.68 

Na20 ....... 2.91 2.98 3.25 

K.o ........ 1 .71 0.92 4 . 36 

H20 ........ 1 .33 0.67 1.20 

P.Os ....... 0.40 0.27 0.3 1 

Sum l 100.04 l 100.05* / 100.33 

* lncluding S = 0.05 Ofo. 

** lncluding Ba O = 0.06 Ofo, C02 = 0.12 °. o, S = 0.03 o. o. 

4 

57.63 

0.97 

16.33 

0.84 

5.68 

0. 10 

5.47 

6.39 

3.22 

2.20 

0.88 

0.07 

99.99** 
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l 2 3 4 

Q .......... 2.3 - 7.2 62 

Or ... o • •  o o o 1000 5.5 2509 1300 

Ab ... .. .. .. 26.5 27.0 27.5 28.5 
An ....... .. 2803 26.0 18.6 23.7 

Wo ...... o • •  4.0 6.0 508 302 
En .. .. ... o .  14.0 19.6 503 ISO 

Fs. . . . . . . . .  7 .2 11.0 7.0 7.0 

Il . o o • •  o • • • •  1.4 2.6 1.9 1.4 

Mt . . o • • •  o • •  3.6 I.l - 0.9 

Hm • • •  o o • •  o - - 2.2 -

Ap ......... 008 0 0 5 006 -

H,O . .. ' · ·  . .  l 13 l 0.6 1.2 l 0.8 

Rock no. l is saussurite-gabbro from Gråhø (Rosenqvist, analyst). 
Rock no. 2 is a quartz-biotite-norite from Gissenåsen in the Op
dai-Inset massif, quoted from Goldschmidt. Rock no. 3 is an 
amphibolitic rock from Storhaugen in the Gråhø massif (Rosenqvist, 
analyst). Rock no. 4 is a hypersthene-mica-diorite from Austberget 
(V. M. Goldschmidt 1916). 

In general the same conditions are found in the Gråhø massif 
as in the Opdal-Inset massif, viz: that the central parts of the massifs 
are built up by more basic rocks than are the peripheral parts. 
Rock no. 3 is found only 50 metres from the boundary of the plutonite, 
while no. l is found jn the central part of Gråhø. 

As mentioned, acid facies, as for instance opdalite, are found as 
border facies. These rocks will be described later. In addition to 
the acid boundary facies, some very acid augen-gneiss-like rocks 
occur, especially bordering on the southern side of the Gråhø massif. 
These rocks are described under the heading "Augen-Gneisses", and 
I do not think that they are true magmatic differentiation products 
of the Gråhø series. It appears more reasonable to regard them as 
being partly secondary reaction products, partly result of metamorphic 
differentiation in the adjacent rocks. 

The increase in acid minerals towards the boundary may perhaps 
be interpreted as being a result of reaction between the gabbro and 
the adjacent rock. The Gråhø gabbros are intruded in the flagstone 
and this rock is very rich in quartz. It is, however, more reasonable 
to regard the increase of acid minerals as a phenomenon of magmatic 
differentiation, analogous to what is found at Opdal-Inset, where, 
according to V. M. Goldschmidt, the boundary facies is as a rule 



METAMORPHISM AND METASOMATISM IN THE OPDAL AREA 133 

rather acid. This is also the case with the small gabbroid laccoliths 
east of Tronfjell. These rocks are intruded in fair ly basic hornblende
schists and monzonitic augen-gneisses. Consequently, it is unlikely 
that they have acquired their acid border facies through reaction with 
the side rock. Unfortunately, I have not yet had the opportunity 
to make analyses of rocks from these smaller laccoliths. As, however, 
the microscopical picture closely resembles that of the corresponding 
Gråhø rocks, there should not exist any doubt about the relationship 
between these rocks. 

A hornblende-porphyrite north-west of Vammervollen farm may 
serve as an example of a dioritic boundary facies from one of the 
small gabbro laccoliths. 

Megascopically the rock has the appearance of a coarse-crystalline 
diabase with quartz-filled cavities attaining the size of a pea. The 
ground mass consists of green hornblende and biotite with saussuritized 
pseudomorphs after plagioclase laths, and some quartz. Under the 
microscope the following minerals are seen: 

Ca. 25% strongly green hornblende. The hornblende is built up of 
aggregates of small hornblende needles, and it appears natura! 
to call the horn blende a uralite, although no vestige of the original 
pyroxene is found. In similar rocks, however, pyroxene pseudo
morphs occur. Besides remnants of monocline pyroxene, rhombic 
pyroxene occurs in some rocks belonging to the Gråhø saussurite 
gabbro. This makes the relationship to the norites of the 
opdalite-trondheimite series still more certain. As symplectic 
intergrowths in the uralites, fairly large quantities of magnetite 
and ilmenite are found. These are the only ore minerals in 
the thin section. 

Ca. 20 OJo brown, strongly pleocroic biotite. The biotlte occurs in 
large flakes, seeming partly to be a secondary mineral. As the 
biotite shows distinct signs of dynamo-metamorphism, most of 
it must be of syn- or pre-tectonic age. It is reasonable to suppose 
that at !east a great part of the biotite is of the same age as 
are the other minerals. Micro-photo plate l, fig. 2, shows this 
rock with the mica crystal strongly bent. 

Ca. 35  OJo plagioclase in tabular and lath-formed crystals. The ground 
mass of the saussurite aggregate is a· plagioclase with l O  OJo 
anorthite. The amount of zoisite being ca. 30% of the aggregates, 
Norsk geo!. tidsskr. 22. 9 
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we may infer that we are dealing with a saussuritized andesine 
feldspar. 

Ca. 20 Ofo quartz, part! y as small secondary crystals in the saussurite 
aggregates, partly as a constituent of the rock ground mass. 
Most of the quartz, however, occurs as amygdaloids mentioned 
before. The quartz is full of fissures, showing undulating extinction 
and anomalous optical biaxiality. 

The preceding description indicates that we have a n  a l t e r  e d  
hyp a b y s s i c  r o c k  o f  d i o r i t i c  c o m p o s i t i o n. This rock greatly 
resembles the amygdaloid 28/40 from the south hill of Storhaugen 
in the Gråhø complex. This rock has been described in my earlier 
paper. The only difference between the two rocks is that the rock 
from Storhaugen is found in a process of alteration and not in 
chemical equilibrium, while the metamorphism is completed in the 
case of the rock from Vammervollen. The rock from Storhaugen 
has a plagioclase with an anorthite con tent of ca. 33 Ofo. 

I have not yet had the opportunity to observe the geological 
occurrence of the basic and intermediar opdalite-trondheimite rocks 
in the field at Opdal-Inset. The samples collected from the Op
dal-Inset massif which I have had the opportun i ty of examining, 
part! y at Norges geologiske undersøkelse and part! y at Geologisk 
museu!Tl in Oslo, present a striking likeness to the rocks from Gråhø 
and Blakhaugen. Some of the microscopic preparates from the 
metamorphic rocks of Gissenåsen cannot be distinguished from the 
Gråhø rocks. Most of the Gissenåsen rocks, however, are less 
metamorphic than the corresponding Gråhø rocks. The unmetamorphic 
rocks from Inset and Austberget differ of course more from the Gråhø 
rocks, since these are always uralitized. The photograph plate XI, 
fig. 2 shows the uralite-mica-diorite from Gråhø. As will be seen, 
the central part of the ura lite consists of relics of pyroxene. 

The reason why the rocks round the Lønset anticline are of a 
higher metamorphic grade than the rocks at Opdal-Inset, is that 
the former, during the Caledonian foldings, were at a greater depth 
than the latter. This is in complete harmony with the views of 
Holtedahl and Barth. They have shown that the degree of meta
morphism gradually increases in Sunndalen from east to west. 

This is also demonstrated by the anorthite quotient, whose 
numerator steadily increases from about lO in the rocks east of 
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Tronfjellet to more than 20 in the Gråhø rocks. Sometimes the 
a north i te con tent in the plagioclases reaches 35 °io in the Grå hø rocks. 
This high anorthite content, however, must be regarded as a relic, 
since these rocks are still in a process of alteration and have not 
yet reached the equilibrium corresponding to the thermodynamical 
condition of the metamorphism. 

Round the Opdal-Inset rocks a distinct contact zone, showing 
usual contact metamorphism, is found. In the case of the Gråhø 
rocks, on the other hand, a reaction zone replaces the contact zone. 
At Gråhø the intermediate or basic intrusives have reacted with 
the adjacent rock, forming hybrid gneisses. These phenomena are 
found not only at the Gråhø gabbro itself, but also in great measure 
around the hornblende diabase dikes in the basal gneisses at Lønset. 
I have regarded these diabases as hypabyssic facies of the Gråhø 
gabbro. In my earlier paper I presented a drawing of such a dike, 
showing a reaction zone round the dike l 5 cm thick. According to 
Bowen's application of the reaction principle (1915) every magma is 
saturated with the minerals from an earlier magmatic stage. Such a 
magma, however, has the capacity of solving minerals belonging to 
rocks of a later stage of differentiation. This is the case when basic 
rocks, as for instance the Gråhø gabbro and the diabases, intrude 
acid rocks such as the flagstone and the basal gneisses. In this way 
the diabases have absorbed the surrounding rock to such an extent 
that the reaction zone has acquired a granitic composition. 

Along the southern border of the Gråhø gabbro this reaction 
zone has reached a thickness of more than a hundred metres. 
The reaction rocks are mostly augen-gneisses or arterites. The general 
appearance points to a femic injection metamorphism or possibly a 
metamorph differentiation promoted by the heat from the igneous 
rocks. In this way the dark components can be assembled in stripes, 
while the light components build eye-formed concretions. In the case 
of the diabase dikes, however, there can be no doubt that the dikes 
have reacted with the side rocks. This also shows that the depth 
must have been greater at Lønset than at Opdai-Inset. At the Gråhø 
gabbro we find that the igneous rock has tried to form an equilibrium 
with the side rock through reaction. At the same time we find that 
the diaphtoretic metamorphism is more distinct in the Gråhø rocks. 
This indicates that these rocks have for a Iong time been under 
decreasing temperature conditions. Both the rocks at Gråhø and 
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the rocks at Blakhaugen and Tronfjellet are in the state of saussurite 
facies. Some of the small eastern gabbros may perhaps be regarded 
as belonging to the actinolite greenstone facies, using Vogt's term. 
In some of these rocks it seems as if the hornblende begins to be 
unstable, and from the edges transform into bluish-green horn blendes, 
which cannot, however, with certainly be identified as actinolites. 

As regards the metamorphic Trondheim schists, which will be 
treated in the next chapter, nearly all of them belong to the saussurite 
facies. Only the strongly magnesia-bearing soap-stones and talc
schists come under green-schist facies. These rocks, however, may 
be regarded as products of a later hydrotermal metasomatism. 

The Acid Differentiates. 

In the southern part of the Gråhø massif, particularly in the 
area south of Storhaugen which forms the eastern part of the Gråhø 
complex, several acid rocks are found. As already mentioned, these 
rocks are connected with the gabbros by transitions. These acid 
rocks mostly occur as border facies towards the augen-gneiss-like 
rocks which form transition zones between the Gråhø gabbro and 
the metamorphic sparagmite schists. Partly, we find these acid rocks 
as apophyses in the flagstones and the augen-gneisses. As a rough 
and ready denomination I called these rocks quartz-opdalites, as they 
apparantly resembled the opdalites, but were richer in quartz. The term 
quartz-opdalite, however, is not an appropriate one, since the original 
opdalites contain up to 15 Ofo quartz. Granodiorites or adamellites 
is unquestionally more petrographically appropriate, but these names 
do not, as does quartz opdalite, indicate that the rocks belong to 
the opdalite-trondheimite series. 

These adamellites are mostly found with semiporphyric structure 
with a normal to fine-grained ground-mass containing phenocrystals 
of quartz and feldspar with a size up to one centimetre. In thin
section the following minerals are found: 

oligoclase, somewhat saussuritized 
orthoclase 
quartz 
hornblende, partly very chloritized 
chlorite, in large crystals with unusually strong anormal blue inter

ference colour (penine). 
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This is obviously another chlorite than the chlorite formed by 
chloritization of the hornblende. 

Since the rocks, as mentioned, have a semi-porphyric structure , 

I have not ventured to give the percentage of the minerals. Two 
chemical analyses have been made of this rock. One, No. l, was 
performed by Kåre Breivik; the other, No. li by myself. The rock 
being coarsely crystalline, the analyses differ somewhat, especially 
with respect to the quartz-feldspar ration, while the femic components 
are nearly equal. The sample I used for my analysis was rather 
s mall, and Breivik's analysis must therefore be regarded as more 
representative. For his analysis half a kilogramme of fresh, unweathered 
rock was crushed. The analyses gave the following results: 

T a b l e V. 
Quartz-opdalite. 

Si02 
Ti02 

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

o • • • • • • • • • • • • •  
Al203 • • • • • • • • • • • • • •  
Fe203 • • • • • • • • • •  o o .  
FeO ............... 
Mn O 
MgO 

• • • • • • • • • • • •  o .  
• • •  o • • • •  o • • • • •  

CaO ............... 
Na10 .............. 
K20 ............... 
H20 ............... 
H10 ............... 
PsO& • • • • • • • • • • • • •  o 

Sum 

Q ................. 
Or ................ 
Ab . .. ... . ......... 
An . ............... 
c .. ..... . ..... ... . 
En .... ............ 
Fs ................. 
Il o .  o • • •  o • • • • • • • • • •  
Mt ................ 
Ap ................ 
H20 ............... 

Sum 

72.69 

0.50 

12.48 

1.15 

1.99 

0.12 

0.8 4 

2 .2 1  

3.1 0 

3. 15 

0.92 

0 07 

0.2 0 

l 99.42 

33.9 

19.0 

2 8 .5 

1 0.0 

0.5 

2 .4 

1.8 

0.8 

1.2 

0.3 

1.0 

l 99.4 

Il 

7 1.52 

0.46 
13.32 

1 .2 1  

2.02 

0. 12 

0.94 
2.2 0 

3.22 

2.88 

1.11 

0 . 20 

0.2 8 

9 9.48 

33.2 

1 7.5 

29 5 

9.8 

1.3 

2.6 

1.8 

0.6 

1.4 

0.5 

1.3 

99.5 



138 IVAN TH. ROSENQVIST 

For the sake of comparison I quote Goldschmidt's analysis of 
the opdalites: 

T a b l e  V I. 
Opdalites. 

Si02 . • • • . • • • • • • • • •  
TiO, ............. . 
Al20a ............. . 

Fe203 • • . • • • . • . • . • .  
FeO .............. . 
MnO ............. . 
MgO . . .. . . . . . .. . . . 
CaO ............. . 
Na20 ............. . 

K,10 .............. . 

Po06 ............. . 
co •. . . . . . . . . . . . . . .  

s ................ . 

H20 .............. . 

Sum J. 

Q ................ . 

Or ............... . 
Ab ............... . 

An ............... . 

Gp ............... . 

Wo ............... . 

En ............... . 
Fs ................ . 
Il ................ . 

Mt ............... . 

Ap . . . . . . . .. . .. . . .  . 
H20 .............. . 

Sum J 

62.25 

0 .94 

15. 1 5  

0.96 

4.49 

0.07 

3 92 

447 

3.30 
3. 50 

0.16 

0.06 

0.04 

0.62 

99.93 

1 2.0 

21.0 
29.5 

16.0 

0.2 

1.8 

10.8 

5.4 

1 .2 

1.0 

0.3 

0.6 

99.9 

61.64 

0.97 

15.44 

0.92 

4.64 

4.2 8  

4.85 

3.55 

3. 24 

0. 15 

0 . 12 

0.43 

100.23 

!O.l 
19.0 
32.0 

16.5 

0.2 

2. 2 

1 1 .8 

5.2 

1.4 
0.9 

0 . 5 

0.4 

100.2 

The analyses of the adamellite show great similarity to the opdalites 
in some respects. The content of silica and magnesia is nearer to 
that of the trondheimites. We may regard the adamellites from Stor
haugen as representing a mean between the opdalites and the 
trondheimites plus some quartz. Goldsch midt mentions that trond
heimitic rocks especially rich in potassium may occur as apophyses 
from the trondheimites. The adamellites from Gråhø and Storhaugen 
must be considered as belonging to this rock type. These rocks 
from Gråhø must be regarded as products of magmatic differentiation 
in situ. Thus the adamellites can be regarded as pegmatitic transpirations 
from the quartz- biotite-norite. Because of this it seems possible 
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that the adamellites may acqui�e another composition differing from 
the usual trondheimites, since the trondheimites are mostly products 
of a true magmatic differentiation. A micro-picture of the adamellites 
from Storhaugen is shown on plate XI I I, fig. l. 

As mentioned, we have the possibility that the acid rocks on 
the southern border of Gråhø may to a certain extent be regarded 
as reaction products between the norite and the sparagmite schists, 
analogous to the coarse augen-gneisses which form the transition 
zone. The adamellite, here treated, however, shows typical eruptive 
structures. lf this rock is to be regarded as a hybrid rock, it must 
have been completely melted. The augen-gneisses, however, which 
really represent hybrid rocks, show a higher content of magnesia 
than the adamellite, the content of potassium being mostly greater 
than the content of sodium and usually greater than the potassium 
content of the adamellites. lf it be assumed, that the adamellites 
should have a hybrid origin, it is difficult to bring the potassium 
content of on ly 3 Ofo in harm on y with the small magnesia con tent. 
It is curious, however, that an igneous rock has a normative corundum 
content of one per cent. Petrographically this excess of alumina is re
presented by the fairly great amount of chlorite minerals. This high 
alumina content is not necessarily of primary origin, but may be due to 
an emigration of lime during the chloritization of the horn blende. 

THE TRONDHEIM SCHISTS 

The name "Trondheim schists" is used for summing up the 
schistous rocks found stratigraphically above the eo-Cambrian flag
stones. These are chief ly rather dark rocks, partly of effusive nature, 
to some extent containing material of sedimentary origin. 

The Trondheim schists are mostly found in saussurite facies, 
but in part also in green schist facies. This is especially the case 
in the eastern part of the area. The Trondheim schists do not occur 
to any greater extent in the parts of the map which I have surveyed. 
On Holtedahl's map of the district to the north of the river Driva, 
these schists are however seen to cover great areas. 

The Trondheim schists and the augen-gneiss-like rocks derived 
from them can be followed in the striking direction from Tilsethaugen 
in the north-west, round the whole extent of the Lønset anticline 
to Driva and Engan in the east. At Tilsethaugen the Trondheim 
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schists disappear owing to the steep .dip of the falding axis. Rocks 
similar to the Trondheim schists occur in Sæterfjellet south-west of 
Engan railway station. I have not yet succeeded in ascertaining 
the relation between these horn blende-schists and the other Trond
heim schists. 

Since the folding axis varies somewhat and the terrain shows 
great difference in altitude, the Trondheim schists do not exhibit 
the same layers all around the Lønset anticline. To a certain degree, 
however, we can follow the layers for a considerable length, and 
thus we have the possibility of studying the development of meta
morphism in the area. 

As mentioned above, the Trondheim schists of the Opdal area 
are found mainly in saussurite facies. The rocks being fairly rich 
in magnesia and iron, the mode of occurrence is hornblende schist, 
partly with biotite and always containing considerable amounts 
of zoisite. 

In the eastern part of the area where the rocks occur in green 
schist facies, we usually find albite-chlorite-biotite schists. As de
scribed by Holtedahl, rocks rich in magnesia occur in the Trondheim 
schists, these rocks having been mapped as soapstones, since they 
mostly occur in green schist facies. In the part of the map where 
I have worked, only one soapstone occurrence is found, namely at 
Tilsethaugen. I n  the central parts this soapstone consists of fairly 
unaltered serpentine; the peripheral parts, however, consist of tale 
and chlorite. 

Together with these serpentine-talc occurrences some chromite 
is found. Some of these chromite deposits have been prospected, 
especially to the north of Lønset in the Vindalskampen prospect. 
This deposit is numbered I l l, 159 in Steinar Foslie's publication 
"Mines and Ore Deposits of Norway" (1925). The same type of 
chromite deposits is found east of Opdal in rocks of certain Caledonian 
age. This is at the prospect of Svartdalshaugen I ll, 154, and Foslie 
writes about these deposits, "They (chromite deposits) follow the 
southern border of the Trondheim area and the "vegstendrag" 
(soapstone horizon) pointed out by Kjerulf. They occur in a deeper 
stratum of the schists than all the pyrite chalco-pyrite deposits. Also 
to the west (of the Trondheim area) similar deposits are found from 
Horungene to Svartdalshaugen, also less conspicuous. Here they 
occur to a great extent in the below-lying sparagmite formation. In 
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the archaean rocks farther west, we have a number of distributed 
chrome-bearing serpentine occurrences of similar type, especially in 
Sunndalen. The connection between these occurrences and the above
mentioned would deserve consideration. They may prove to be 
connected with the secondary Caledonian folds starting from the 
western side of the Trondheim area. In the other archaean areas 
of the country chromite deposits are known." 

More important than these scattered chromite deposits are the 
numerous small copper mines found in the Trondheim schists. N one 
of these copper mines are worked for the moment, and some of 
them have never been exploited. The most important of these deposits 
is Tilset Copper Mine to the south of the river Driva, about 2 km 
to the west of Lønset. This mine is exploited by means of two small 
levels (stoller) in the hornblende schist, which is here rich in talcum. 
The ore has mainly been excavated in fairly rich lumps of chalco
pyrite-bearing ore which has been transported to Sunndalsøra and 
exported from there. 

To the north of the Tilset mine on the north side of the river 
Driva, we have the Sliper prospect I l l, 158 in Foslie's publication. 
To the south-west of Opdal, in Svarthaugen, we have the Snevehovden 
prospect I I l, 155. These deposits are all found in the Trondheim 
schists which can be followed from between the deposits. 

A fourth deposit in this area is in Soløyfjellet. This deposit 
occurs in the basal gneisses just on the boundary between the 
basal gneisses and the flagstones. This occurrence is probably 
connected with one of the Caledonian amphibolite dikes. These dikes 
are regarded as representing hypabyssic facies of the basic members 
of the opdalite series. Chalco-pyrite and also bornite are common 
minerals in connection with the amphibolite dikes in the basal gneisses. 
To the west of Lønset we may also come across chalco-pyrite in 
some granite pegmatites in the basal gneisses. 

In several places the Trondheim schists gradually pass over into 
augen-gneisses, and small porphyroblasts of potassium feldspar and 
acid oligoclase are very common in the Trondheim schists when 
present in saussurite facies. Muscovite porphyroblasts usually occur 
when the rocks are present in green schist facies and also when 
the rocks are especially rich in alumina. 

At Tilset the Trondheim schists have a very steep westerly dip. 
At Vindalskampen the dip turns northwards and become gentler 
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and east of the Lønset anticline we have an ave rage di p of 45 o in 
an easterly direction. South of the anticline I have not yet mapped 
the extention of the Trondheim schists in detail. It seems, however, 
that the geology is very complicated here, showing overthrusts and 
inversions and concurrent repetitions of the layers. 

All the way from Tilset to Driva we find the thickness of the 
flagstone series between the Trondheim schists and the basal gneisses 
to be rather constant. Perpendicular to the schistosity the thickness 
is about 1500 m. The fact that the thickness of the flagstone series 
is fairly constant for an extent of more than 30 km, makes it reasonable 
to assume that the Trondheim schists represent supracrustals. It is 
not likely that intrusives could have followed the same leve! for such 
a Iong distance. Since we find porphyrite structures in numerous 
places in the Trondheim schist complex, we may infer that we have · 

to do either with intrusives or with effusives. In the eastern part 
of the area, rocks with tuffic structures have been encountered among 
the Trondheim schists. In some places we find rocks with a sedimentary 
appearance. These rocks are often composed of thin layers somewhat 
varying in composition. They may be true sediments of greenstone 
ooze or perhaps very fine-grained tuffs. 

It is not possible to ascertain the age of these Trondheim schists 
by geological considerations, for fossils are not found and are not 
to be expected. Geological reasons only show that the Trondheim 
schists must be younger than the eo-Cambrian flagstone and older 
than the Silurian calcareous sediments in the Vinstra Valley. It seems 
reasonable to assume that the Trondheim schists in the· Opdal area 
belong to the Bymarka group. 

The conditions required for the formation of a Cambrian sediment, 
cannot have been present in these areas. In Middle- Ordovician times, 
however, the land became submerged and the possibilities of forming 
the scanty sediments found among the volcanic Trondheim schists have 
been present. This great interval in time points to a great discordance 
between the flagstone and the Trondheim schists. Investigations of 
the boundary between the flagstone and the Trondheim schists show 
a complete conformity in the schistosity of these two rocks. This 
supports the opinion which l have earlier contended, viz.: that the 
whole structures in the Opdal area is tectonically conditioned. The 
schistosities are thus secondary schistosities and the conformities 
pseudo conformities. 
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I n  several places, especially in the eastern part of the flag
stone series, we may o bserve a primary (?) banking in the rocks. 
The banking of the rocks is oblique to the schistosity. In the flag
stones which are found as inclusions in the augen-gneiss east of 
Tron fjell at Engan, we may find two sets of schistosity, both of them 
very distinct. The older is strongly folded, while the younger only 
shows weak folds conformably to the structure of the whole complex. 

The expressed conformity between the basal gneisses in the 
Lønset anticline and the above-lying eo-Cambrian flagstones shows 
moreover, that an original pre-Caledonian discordance has been wiped 
out. In these areas a pre-Caledonian disconformity is only seldom 
evinced in the present rocks. For all the rocks during the time of 
the Caledonian movements have been at such depths and exposed 
to such pressure that they have been almost plastically deformed. 

The great nappe-like overthrusts which Holtedahl has described 
from Trollheimen and Johannes Dons has mapped south of Dindalen 
in Snøfjellkollene give an indication of the forces that have been at 
work in the Opdal area. These forces must have been considerably 
greater than what is usually found in the Trondheim area. The fact 
that the rocks have been plastically deformed does not mean that 
the y have been melted to a ny great ex tent; nor has a ny thorough 
migmatization taken place, for a number of primary characters are 
still preserved in the rocks. The migmatic processes seem to corre
spond to zonar intrusions of aqueous solutions. These solutions have 
reacted with the rocks in those places where the chemical composition 
of the rocks has been suited for reactions. Therefore, the reactions 
are mainly found in the basic rocks and in those rocks which had 
a large aluminium excess. The reactions have taken place exclusively 
in those rocks which have been penetrated by the solutions. We 
may therefore find rocks which ought to have reacted, but the reactions 
have not taken place. 

Petrological Survey of the Trondheim Schists. 

Since Trondheim schists extend over large parts of the Opdal 
area, the study of the petrology of these rocks gives a good impression 
of the kind of metamorphism in this area. I have particularly dealt 
with the Trondheim schists from the western part of the area, since 
the part of the map which I have surveyed east of the Lønset anticline 
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consists chief ly of coarse gneisses and transitional rocks as porphyroblast 
schists and augen-schists. It is more appropriate to deal with these 
rocks under the chapter concerning the augen-gneisses. In the western 
part I have especially made a study of the conditions west of Tilset
haugen. Here pure Trondheim schists are found in the innermost 
i. e. the undermost part of the series, while augen-gneisses are found 
in the uppermost parts. 

Immediately west of Tilsethaugen we find some green rocks with 
lava structures. These rocks are very fine-grained with light laths which 
resemble plagioclase laths in a fine-grained porphyrite (pl. XI I, fig. l). 
Under the microscope, however, we find that the laths are composed 
of a very fine aggregate of oligoclase, zoisite, and some small garnets. 
Microphoto plate XI I, fig. 2 shows that the aggregates have retained 
the form of the plagioclase laths. Probably this pseudomorphosis 
took place with negligible transport of material, for the whole mineral 
assemblage can be obtained by a diaphtoresis of a labradorite feldspar. 
The ground mass between the laths is very fine-grained and consists 
chief! y of green horn blende with the following optical constants: 
IX = 1.630 ± 0.002, � = 1.635 ± 0.003, Y = 1.645 ± 0.002. C :y = 17 °, 
2 V+ =ca. 80°. IX= yellow-green, �=green and y= bluish-green. 
Notice the weak birefringence. 

Some oligoclase with 20% anorthite. This is the same com
position of the plagioclase as is found in the small plagioclases of 
the "plagioclase laths". 

Some zoisite. Some biotite. Ca. 10 OJo garnets with refractive 
index= 1.805 ± 0.002. Some quartz with indistinct undulous extinction. 
Some opaque minerals. 

Table V I I  shows an analysis of the rock. 
In calculating the mode of this rock we start with the assumption 

that the rock contains 8% zoisite. This amount is found by means 
of planimetre calculation. Further we assume that the garnet has a 
composition of 60% almandine, 30% pyrope, 5% grosulare and 5% 
spessarthite. This composition should be very plausible for a secondary 
formed garnet in a metamorphic rock. E. S. Larsen gives a refractive 
index of 1.801 for an almandine with l.S% MnO, 2.0% CaO and 
5.3 OJo MgO. 

The mode calculation commences with the plagioclase. This is 
obtained by letting all the normative albite form oligoclase in combination 
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T a b l e  VII. 

Porphyrite no. 40/41. 

Si02 
Ti02 • • • • • • •  
Al203 • • . . • • 
Fe20s ...... . 
FeO . . . . . . . . 
MnO ...... . 

MgO ...... . 
CaO ...... . 
Na20 ...... . 
K,O ....... . 

H,O ....... . 
P206 ...... . 

H:�O ....... . 

45.82 °/o 
1.76 

22.04 

3.45 

9 .40 

0.43 

4.92 

9. 44 

1.38 
0.25 

0. 1 6  

0.37 

0.83 

100.25 

Q ...... . . 

Or ....... . 
Ab ...... . . 
An . . . . .. . 

En . ..... . . 
Fs ....... . 
Mt. ...... . 
Il ........ . 
c ........ . 
Ap ....... . 

5.2 °/o 
1.5 

11.5 
45.8 

12.0 

12.2 

4.9 

3.3 

3 1 
0.8 

100.3 

with the necessary amount of anorthite. The normative orthoclase 
forms biotite with 15 °/o FeO and 15% MgO. The rest of the normative 
a northite which is not used for the plagioclase forms 8.0% zoisite. 
Thus so me A1208 is Jiberated. This Al203 forms together with the 
normative Al208 excess, 10.3% garnet of composition: 60% almandine, 
30 Ofo pyrope, 5 Dfo grossulare and 5 Ofo spessartite. From the potash 
feldspar we obtain 2.4% biotite with 15% FeO and 15°/o MgO. Apatite 
and ore minerals are retained from the norm calcu1ation. Normative 
quartz together with the quartz formed by the saussuritization make 
up 7.3 Ofo. Of the components left, 42.8 Ofo hornb1ende is formed. 
The hornblende thus gets the formula 

(Ca1·s Mgo·2)2 (Fe++1·2 Mg2·5 Al1.6)o·s (Si6·o Al2·o)s 02s·1 (H20, H F ). 

I n this rock we have the curious circumstance that although it 
contains less than 46 Ofo Si 02, it has an amount of 5.2 normative 
quartz, and, owing to the metamorphism, the modal quartz is 7.3%. 

Although none of the primary minerals are present, it seems 
as if no immigration or emigration has taken place during the 
metamorphism of this rock. On the other hand, a complete mineral 
metasomatism has taken place, which has established a chemical 
equilibrium corresponding to a relatively low temperature (saussurite 
facies). As this rock was originally an effusive, we have a typical 
example of diaphtoresis. The alumina excess may be due to a leaching 
of alkali or lime. 
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Among the typical Trondheim schists we may choose a hornblende
schist from Tilset. The microphoto of the rock is shown in the 
plate I, fig. l. The rock is a true hornblende-schist, as it is made 
up of nearly 90 °/o hornblende, the other minerals being albite
oligoclase, zoisite, apatite and ore minerals. This rock may perhaps 
be a Jittle more femic than the average Trondheim schists, but I 
chose to analyse this particular rock, because the structure of the 
rock indicates that the rock is completely a result of metamorphism. 
We are not able to find any primary structures, as for instance in 
"porphyrite" 4 1/40, nor do we find any indication that the hornblende 
is an original uralite. No noticeable immigration of feldspar mineral 
can be traced; feldspar occurs in small crystals evenly distributed 
in the rock. The rock shows an unusual schistosity: almost all 
hornblende is oriented with the longest axis in the schistosity plane. 
This is distinctly visible on the microphoto. The hornblende is a light 
ordinary horn blende, according to the optical constants: 2 V-;- =ca. 80°, 
c :  y= 15°, oc=light yellow-green, �=yellow-green, and y= light green. 
Analysis of the rock is found in tab le VI I I. 

Ta b l e  VIII. 

Homblende schist 65/40. 

Si02 • • • • • • • •  
Ti02 . . . • • • •  
Al203 • • • • • • •  
FeO ....... . 
Fe208 • . • . • •  
MnO . . . • . . .  
MgO ...... . 
CaO . ... . . . . 
Na.o ...... . 
K.o .... ... . 
P.o • . . . . . . .  

H.o . . . . . . . . 
H.o ....... . 

48.52 
0.41 

16.49 

6.72 

3 58 

0.18 

7.2 1 

12.20 

1.86 

102 

0.46 

1.28 

0.09 

100.02 

Or ....... . 
Ab .. .. . .. . 
An ...... . 
Eo . .. . .. .  . 
En . . . . . . . . 
Fs ....... . 
Fo ....... . 
Fa .... ... . 

Mt. ... .. . . 
Il ........ . 
Ap ....... . 
H,O ..... . 

6.0 

17.5 
34.5 

8.6 
18.8 

7.0 

1.6 
0.6 

3.9 

0.6 

I.l 
1 .4 

100.6 

The chemical composition of this rock does not differ much 
from Goldschmidt's analysis of quartz-biotite norite from Gissen
åsen, nor from the Gråhø gabbro. The main difference is that the 
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hornblende-schist is a little more basic than the rocks mentioned. 
Among the analyses which Goldschmidt gives of rocks belonging to 
the green lava series, we encounter rocks with higher as well as 

lower content of all components. 
At Bekken farm and Tilset Copper Mine some small fairly massive 

serpentine-talc occurrences are met with. In connection with these 
rocks we also find tale schists. These tale schists often carry well
developed crystals of chromite attaining a size of l cm. Furthermore 
the schist is filled with small needle-formed crystals of pyrrhotite. 
The pyrrhotite has its longest axis in the schistosity plane. Besides 
chromite and pyrrhotite, the rock contains some chalco-pyrite. 
Magnesite crystals, only l mm large, have been observed. The rock 
consists chiefly of tale with some chlorite. The chlorite shows only 
weak anormal colours of interference. The rock clearly shows that 
it has been exposed to dynamo-metamorphism. Analysis of specially 
picked tale schist free from chromite is in table IX. 

T a b l e  I X. 

Tale schist from Tilset. 

SiOs ....... . 
Ti01 . . . • . . .  
AltOa . . . .. .  . 
Fe,Oa . ... . . 

FeO . . ..... . 
MnO . . . .. .  . 
MgO . . .. .. . 
CaO .. .... . . 
Na90 . . . . . • .  
K10 . . ... . . 
Cr,Os .. . .. . 
H10 . . . . . . . . 
H,O . .. .. . .  . 
PsO• . . .. . .  . 
s ........ . .  
co� ...... . 

35.59% 

0.23 

2.53 

3.2 1 

7. 11 

0.21 

28. 1 1  

8.22 

1.26 

0.29 

0.02 

7.66 

1 .89 

tr. 
0.3 1 

3.35 

Or .... . .. . 
Ab . . ... . . 
Nef . . . . • . .  
An . .. . .. . 
c ...... . .  
Wo . . . . . . •  
Fo • . . . . . . .  
Fa . . . . .. .  . 
Il ........ . 
Mt . . . . . . . . 
Py . ... . . .  . 
H10 ..... . 

1 5 % 
10.3 

0.2 

0.25 

7.8 

7.0 

53.4 

5.7 

0.2 

3. 1 

0.75 

9.55 

99.99 99.7 5 

For the sake of comparison I quote the analyses given by 
Goldschmidt for serpentines belonging to the green lava series. 
The analyses are originally taken from C. F. Kolderup's papers. 
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T a b l e  X. 

Comparison analyses of serpentines. 

Si O, ........... 
TiO •. . . . . . . . . . .  
Al,Os .......... 
Fe1103 • • • • • • • • • •  
Fe O o o • • • • • • • • •  
MnO ........... 
MgO ........... 
CaO ........... 
Na,O ... . . . . . . . 
K,O . . . . . . . . . . . 

H,O . ...... . .. . 

Or . . . . .. . .... . . 
Ab 
Nef 
An 

• •  o • • • • • • • • •  
. . . . .. . . . .. 

o • • • • • • • • • • •  
Wo ............ 
En .. . . . . . . . ... 
Aeg ............ 
c .............. 
Mt ............. 
Fo .. . . . . ....... 
H,O .. . . . ..... .  
Fa .. . . ... . . . . . . 

l 

l 

38.21 
-

3.25 

3.5 6 

4.6 6 

tr. 
3 7.60 

-
1.40 

tr . 
11.75 

100.43 

11.0 

3.6 

1.0 

3 3 

6 6.6 

11.8 

3.1 

100.4 

2 la 
38.8 4 3 7.1 5 

- -
0.60 0.9 4 

4.7 6 3.9 6 

3.0 1 2.9 7 
- -

4 4.52 3 7.27 

tr. 2.01 

0.71 0.40 

0.21 0.1 6 

8.12 1 5.1 1 

l 100.12 100.4 6 

2 3 

1.0 1.0 

0 .8 3.0 

0.9 

0.3 

3.4 

10 0 12.6 

2.0 

4.3 3.7 

73.6 5 9. 4  

8.1 8.1 

1.4 

100.7 9 9.9 

The tale schist from Tilset differs from the analysis given by 
Goldschmidt chief ly in having a higher content of CaO ond Al208• 
Petrographically this difference appears as a fairly great content of 
chlorite in the tale schist from Tilset. It is remarkable that the pure 
tale schist is free from chromium, although cry stals of chromite are 
often found among these rocks. The silicates must therefore, either 
primarily or as a result of the metamorphism, have discarded the 
whole content of chromium. 

It is striking that a supra-crustal complex like the Trondheim 
schist at Opdal contains rocks of such basic composition as the tale 
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schist at Tilset. If this rock is to be regarded as a diaphtoretically 
changed lava, this lava must have been rich in olivine. Goldschmidt 
assumes that soap-stones found among the green schists in the Trond
heim area, must be regarded as paleopikrites or hy paby ssic intrusives. 
The composition of the tale schist from Tilset with a great content 
of CaO is closer to the composition of a usual greenstone than the 
serpentine rocks Goldschmidt is dealing with, It is therefore possible 
that the tale schist was originally a pikrite rich in olivine. The 
possibility , however, of an invasion of magnesia through metasomatism 
must not be ignored. As will be demonstrated later on, a considerable 
alkali metasomatism has taken place elsewhere in the Opdal area. 
The result of this alkali-metasomatism has often been a liberation of 
magnesia. Therefore, I will not exclude the possibility of a magnesia
metasomatism in other places of the area, promoted by the magnesia 
liberated by the alkali-metasomatism. That serpentine and tale may 
be formed by magnesia-metasomatism is an aknowledged fact. The 
circumstance that some parts of a rock complex had been exposed 
to a distinct alkali-metasomatism with a following emigration of 
magnesia, while other parts of the same rock complex have been 
exposed to a magnesia-metasomatism, seems at first unlikely . From 
a chemical point of view, applying the law of mass action, this is 
easily explained. We may assume that the whole complex of Trond
heim schists, to begin with, was of normal gabbroid composition. If 
a solution containing alkali, alumina, and silica intrudes into this rock 
under such cond itions that formation of feldspar is possible, then 
the solution will transform the gabbro into monzonite or granite. 
Among others we have the reaction between the solution and the 
diopside component of the gabbro. The reaction equation may be 
as follows: 

x · NaOH + (y +� x) · Al203+ 3 x · Si02+ y· CaMgSi206� 

x · NaA1Si308 +y · CaA12Si208 +y · Mg (OH)2 + (�X 7 y )· H20. 

Next we will give the mass action equation of this reaction: 

Norsk geol. tidsskr. 22. 10 
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During the period of metasomatism the concentration of diopside, 
anorthite, albite, and water would remain practically constant. Hence 
a continued immigration of alkali-alumina silicate continuously 
liberates Mg (OH)2 which is transported away with the solution. 
When practically all diopside components have been transformed, and 
not until then, the alkali solution can penetrate further into the rock. 
Similar circumstances have been described by Heikki Vayrynen ( 1929) 
from Finland. He describes the transformation of kaoline into 
muscovite as a result of alkali-metasomatism (op. cit. p. 52-57). 
The magnesia-metasomatism, caused by the liberated magnesia solution 
in the Trondheim schists, does not require special consideration, but 
it is obvious that the same points of view used above may be applied 
also in the case of a serpentinization of a gabbro caused by a magnesia 
solution. 

I will not maintain the certainty that the tale schists and the 
soap-stone occurrences of the Opdal area have been formed in this 
way, but since Javas and dikes rich in olivine are never found in 
an uneltered state among the Trondheim field rocks, I think it 
reasonable to assume a metasomatic origin of the soap-stones caused 
by a chain reaction as indicated above. 

THE PORPHYROBLAST SCHISTS 

As an intermediate stage between the Trondheim schists and 
the augen-gneisses, some rocks are encountered which I have termed 
porphyroblast schists. These rocks pass by imperceptible degrees 
into the usual Trondheim schists on the one hand and augen-gneisses 
on the other. On the map these rocks have been classified under 
the usual Trondheim schists, as their appearance is schistous. In 
some cases it may be doubted whether the rocks ought to be grouped 
as gneiss or schist. 

The porphyroblast schists may partly be rich in biotite, partly 
free from biotite, and potassium is then only found in microcline. 
We find single microclines as well as microclines with polysyntetic 
twins of the albite law. A different type of porphyroblast schist is 
found among rocks showing a particularly high excess in alumina. 

In these rocks the potassium content enters both muscovite and 
biotite, which form porphyroblasts. Albite forms small porphyroblasts. 
The muscovite porphyroblasts may attain a size of up to three 
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millimetres. A microphoto showing a muscovite porphyroblast schist 
is found on plate IV, fig. 2. As an example of the first-mentioned 
porphyroblast schist we may choose a schist taken from the western 
slope of Tilsethaugen. The rock is a dark schist with porphyroblasts 
up to half a centimetre in length. The rock chiefly contains coarsely 
crystalline hornblende as ground mass between the porphyroblasts. 
The porphyroblasts consist of oligoclase, potash feldspar and quartz. 

The rock seems to be connected with the hornblende schist No. 65/40, 
dealt with above. The ratio of light to dark minerals, however, has 
increased. As can be seen from the micro-picture, we may regard 
this rock as having been formed from a hornblende schist, the feldspar 
individuals having increased in size and number. This increase of 
feldspar material has not caused any considerable change in the 
chemical composition of the hornblende. The hornblende has been 
pushed aside, making room for the growing porphyroblasts. Under 
the microscope the following minerals are observed: 

Plagioclase, ca. 20°/o, with an anorthite con tent of 17%, the plagioclase 
is a little saussuritized. Microcline, ca. 15 OJo. Quartz ca. l O OJo. 
The quartz shows weak undulous extinction. 

Zoisite, 9. 0%, partly having coarse epidote-orthite, and partly found 
as small needles in the saussuritized plagioclase. 

Horn blende, ca. 40%, with the following optical constants: 
2 V+ = 80-90°, c: y =ca. 15° , rx � light-yellow-green, y yellow
green. 
Opaque minerals, ca. 7 °/o. Garnet, ca. 3 OJo, of a light rose colour. 
A patite and zirkone, occurring as accessories. 

The amount of zoisite and epidote has been calculated as accurately 
as possible and employed in the mode calculation. An analysis of 
the rock is shown in table XI. 

In calculating the mode we assume that all the normative albite 
is contained in plagioclase, and further that the plagioclase has an 
anorthite percentage of 17 OJo. Since no other potassium minerals occur, 
the normative orthoclase is kept as potash feldspar. Part of the 
anorthite is used for forming 9.0% zoisite, the rest goes into horn
blende. The alumina liberated by the transformation of anorthite into 
zoisite is used in garnet of a supposed composition: 70% almandine 
and 30% pyrope. The ore minerals and apatite are retained from 

the norm. The anorthite left, together with the normative pyroxenes, 
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Ta b l e  X I. 

Porphyroblast schist 18/40. 

Si02 ........ . 
TiOt ...... . 
Al2011 • • • • • • •  
Fe20a ..... . 
FeO ....... . 
MnO ...... . 
MgO ...... . 
CaO ....... . 
Na20 . . .... . 
K20 ....... . 
PtOa ...... . 
HtO ....... . 
H20 . . . .... . 

55.50 

!52 

1 5.8 9  

3.64 
7.02 

0.2 0 

6.52 

4.85 

2.0 5 

2.21 

0.0 5 

1.02 

0.18 

10 0.6 5 

Q ....... . 
Or ....... . 
Ab ....... . 
An ...... . 
Wo ...... . 
En ....... . 
Fs ....... . 
Mt. ..... .. 
Il ........ . 
Ap ....... . 

10.2 

13.0 

2 1.5  

1 9. 5  

2.6 

19.6 

7. 4 

4.0 

2.2 

O.l 

form hornblende, taking the amount of Si02 needed to form the anion 
group (AI, Si)8028H20, from the normative free quartz. Thus we 
obtain the following modal composition: 

25.9 °lo plagioclase, An 17% 
13.0°lo potash feldspar 
9.0 °lo zoisite 

33.8°lo horn blende (Ca1.1, Mg1.0) (Fe1.9, Mg2•6 , Al0.6) 

(Al0•8, Si, .7) 022•8 H20 

2.3 °lo garnet 
9.6°lo quartz 
4.0 Ofo magnetite 
2.2 °lo ilmenite. 

According to the calculation the modal hornblende should be 
of a composition between antophyllite and actinolite, and this is in 
good agreement with the optical data. The microscopical investigation, 
however, shows that the rock contains less plagioclase than obtained 
in the modal calculation; and even when some of this plagioclase 
occurs in solid solution in the potash feldspar, it appears reasonable 
that some sodium is contained in the hornblende. As the optical 
properties of the hornblende group is insufficiently investigated, we 
have no possibility of determining the alkali content of the horn
blende, unless we analyse the hornblende separately. The amount 
of garnet observed is in very good harmony with that found in mode 
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calculation. It is worth noting that, in the kind of metamorphism 
to which the porphyroblast schists have been exposed, the amount 
of alumina liberated by the saussuritization is not absorbed by the 
hornblende which was formed at the same time. This is at !east 
the case when the rock contains free quartz. This applies to rocks 
with a considerable alumina excess as well as to rocks with normative 
wollastonite. 

In both cases free Al208 forms garnets, and it is worthy of note 
that the amount of Al208 in the garnets exactly corresponds to the 
normative alumina excess, plus the Al208 amount liberated by the 
saussuritization. The anorthite contained in the hornblende, however, 
takes with it the alumina content when transformed into hornblende. 
From this we may infer that first a part of the anorthite forms 
hornblende and then the extra anorthite which cannot be retained 
in the plagioclase mixed crystals, becomes saussuritized. The alumina 
thus liberated forms garnet together with any excess of alumina there 
may be. The type of porphyroblast schists mentioned is the muscovite 
porphyroblast schists. These may arise when the temperature is so 
low and the water content so great, that microcline is unstable. In -
most cases the muscovite porphyroblast schists do not necessarily 
correspond to any lower facies than the feldspar porphyroblast schists. 
The chemical composition of the rock is even more important. 

Along the eastern slope of Hornet south-west of Opdal railway 
station we find that the rocks vary between augen-gneisses, usual 
Trondheim schists, and Trondheim schists with porphyroblasts, mostly 
of albite-oligoclase. We find every stage of transition between the 
different rock types. In certain places one can observe alternating 
strata of augen-gneisses and porphyroblast schists. It looks as if 
some strata exhibit a higher mineral facies than others. But generally 
it may be assumed that the temperature was not much higher in the 
place where the augen-gneisses were formed than in those where 
the porphyroblast schists were formed. 

At Forberget farm east of Hornet we encounter a brown-green 
muscovite porphyroblast schist worthy of a closer examination. The 
rock is found about three hundred metres from typical augen-gneiss. 

The rock displays a distinct banking parallel to the schistosity. 
With small magnification this can be seen in the microscope, as an 
alteration of light and dark layers. Microphoto plate IV, fig. l ,  shows 
this. It gives the impression of being a stratified sediment, for instance 
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a varved clay. Some phenomena point to a tuffic ongm, however, 
the whole rock is filled with porphyrob1asts of muscovite, quartz, 
and al bite. The porphyroblasts have an average size of half a milli metre, 
but may acquire a size of two millimetres. The porphyroblasts show 
no traces of flexure. The quartz in the porphyroblasts is not undulous, 
and the muscovite has straight fissures, forming an angle of about 
30° with the schistosity. This is remarkable, since the ground mass, 
consisting mainly of biotite, zoisite and quartz, is exceedingly schistous. 
An analysis of the rock is shown in the table XII. 

T a b l e  XII. 

Muscovite porphyroblast schist 22/40. 

Si02 • • • • • • • •  
Ti02 • • • • • • •  
Al203 . . • • • • •  
Fe003 . • . . • . .  
FeO ....... . 
MnO ...... . 
MgO ...... . 

""" CaO ....... . 
Na�O ...... . 
K20 .... ... . 
H.o ....... . 
H,O ....... . 
co • . . . . . . . .  
P.o • . . . . . . .  
s ......... . 

5 9.15 

0.38 

17 3 4  
3.45 

2.31 

0.05 

1.47 
3.50 

4 56 

3. 93 

1 .56 

0.1 8 

1.22 

0.9 9 

0.10 

100.1 9 

Q ....... . 
Or ....... . 
Ab ....... . 
An . . . . . . . 
C ....... . . 
Cc . . ... .. . 
En ....... . 
Fs ....... . 
Mt. ...... . 
Il .. ...... . 
Py ....... . 
Ap ....... . 

!I. l 
22.0 

37.5 

3.5 

4 4  

2.8 
3.6 

0. 4 

3.2 

0.6 

0.3 

1.8 

The well-developed muscovite porphyroblasts seem to indicate 
an immigration of potash. This rock may possibly have been exposed 
to a reaction analogue to the spilite reaction, the difference being 
that in this case the intruding solution contained potassium and not 
sodium. The reaction may have followed this equation: 

3 CaA12Si208 + K20+2 H20 + 3C02-+ 2(0 H)2 KA13Si8010+ 3CaCOs 
anorthite muscovite 

From Noll's works (1936) we know that muscovite is easily 
formed at rather low temperatures, when potassium ions are brought 
in contact with alumina-silica gel or alumo-silicates. Noll has 
synthetized muscovite at about 225 o C. Heikki Vayrynen (op. cit.) 
has shown that sericite is formed from kaoline through potassium 
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metasomatism. In contact-metamorphic clay sediments the same has 
been observed. In these rocks we encounter new-formed muscovite 
in large amounts. Here we do not need to assume any metasomatic 
processes, nor any metamorphic differentiation. The most obvious 
explanation is that the clay sediments which gave birth to the hornfels 
contained such clay minerals as, for instance, montmorillonite, and 
that these minerals were in the usual way hydratized and surrounded 
by absorbed potassium. During the metamorphism this absorbed 
alkali reacted with the clay mineral and formed alkali mica. The great 
similarity in crystal structure between the minerals of the montmorillonite 
group (and to a still greater extent the hydromicas) and the alkali 
micas renders it probable that this reaction easily takes place at low 
temperatures. In these reactions potash feldspar does not play any 
part. But we have the stress synthesis of muscovite from potash 
feldspar as is found for instance in the metamorphic sparagmite 
schists. The equation runs thus: 

3 KA1Si808 + H20 � (0 H)2 KA13Si8010+ K20 + 6Si0� 

Further we have the hydrolization of muscovite into clay substance 
as, for instance, leverierite: 

2 ( O H)2 KA18Si8010 + n H20 � 3 Al2Si205n H20 + K20. 

As regards the first equation we find that the reaction runs from 
left to right with increasing stress, (and probably also with an increasing 
hydro-static pressure). Increasing temperature, however, causes the 
reaction to run from right to left. Looking at the second equation 
we find that the reaction runs from left to right with decreasing 
temperature and pressure. 

More significant than the thermodynamical conditions are the 
mutual amounts in which the components are present. We have 
the components: 

Al208 , Si02 , K20, and H20. 

In considering the formation of feldspar from the components: 

K20 + Al208 + 6 Si02 � 2 KA1Si308, 

we rna y figure the mass action equation thus: 

c . c . C6 
K,o Al203 Si02 = K 2 • 

C Or 
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The corresponding formation of muscovite gives the mass action 
equation: c o c3 o c6 o C2 

K,o AI,o, siO, H,o = K 
c:usc. 

o 

If pressure and temperature are kept constant, we have three 
variables: K20, Al203 , and H20, since Si02 occurs in the same 
power in both equations. If, therefore, the amount of potassium 
present and added is kept constant, muscovite will preferably form 
in rocks with great alumina excess, or when much water is present. 
But potash feldspar will form in rocks of less alumina excess or 
containing less water. 

Since it seems unreasonable that the temperature or/and pressure 
have been subjected to considerable differences during the formation 
of augen-gneisses and muscovite porphyroblast schists, it is Jikely 
that the mother rock of the porphyroblast schists was richer in 
alumina than was that of the augen-gneisses. This is in good harmony 
with the assumption that the mother rock of the muscovite porphyroblast 
schist was a sediment, while the mother rock of the augen-gneisses 
was effusives of noritic to dioritic composition. Thus no significant 
difference in facies is found between the coarse augen-gneisses and 
the fine-grained muscovite schists, in spite of the fact that the muscovite 
porphyroblast schists have a far less metamorphic habit, nor do we 
need to assume that the metasomatism has been stronger in the case 
of the augen-gneisses. 

The analysis of the muscovite porphyroblast schist shows that, 
although the amount of silica is the same as that of the augen-gneisses 
and although the amount of alkali is greater, the alumina excess is 
very much greater in the muscovite porphyroblast schists than in 
the augen-gneisses. If the mother rock of the porphyroblast schist 
were of almost the same composition as that of the augen-gneisses, 
we must assume an alumina metasomatism. This, however, is unlikely. 
The mica porphyroblasts must have formed after all tectonic movements 
had been completed, for the fissures of the muscovite forms an angle 
with the schistosity of the rock. Now, muscovite is one of the best 
barometres of stress, and only feeble movements in the rock would 
have caused a parallelism between the fissures of the muscovite and 
the schistosity of the rock. 

The porphyroblast schist 22140 seems to fall outside of all usual 
ACF diagrams, since the rock simultaneously contains calcite, zoisite, 
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and muscovite. It must be taken into consideration, however, that 
the calcite does not really belong to the rock, but must be regarded 
as younger. Microphoto plate IV, fig. 2 clearly demonstrates this. 
Considering the rock as a whole we find that muscovite is an unstable 
relic, for it reacts with calcite under formation of zoisite. The true 
porphyroblast schist between the calcite veins is entirely free from 
calcite, the on ly minerals are: muscovite, biotite, zoisite, quartz, and 
albite. We can therefore in the calculation of the ACF diagram correct 
for the amount of calcite. lf this be done, we find that the rock has 
the right position within the ACF diagram. The rock is very rich 
in potassium; it does not contain any staurolite, which might have 
been present in the paragenesis if potassium had been replaced 
by sodium. 

THE COARSE AUGEN-GNEISSES AND "RAPAKIVIS" 

During the summer of 194 1 I mainly investigated the coarse 
augen-gneisses and rapakivi-like rocks between Drivstua and Rise. 
The stratigraphical position of the augen-gneisses is below the Silurian 
calciferous sediments of the Trondheim area and above the eo-Cambrian 
basal conglomerate. 

So far I have seen the contact between the augen-gneisses and 
the Silurian mica schists and marbles at one place on! y in the Vinstra 
Valley. Here the sediments overlay the augen-gneisses. There is 
no possibility of any inversion. 

Partly, the augen-gneisses are found in mighty layers in the 
flagstone series. This has also been observed by Carstens in the districts 
farther to the north within the Trollhetta quadrangle. Most of the 
augen-gneisses are found, however, above the flagstones in zones in 
the hornblende schist complex. Augen-gneisses of similar type are 
also found as a "reaction zone" round the Gråhø intrusives. 

The coarse augen-gneiss is a rather dark gneiss with feldspar 
porphyroblasts attaining a size of 10 cm. The rock differs from the 
augen-gnetsses of the basal gneiss complex in the Lønset anticline 
in its unpressed character and its greater amount of dark, schistous 
ground-mass. 

In the fie1d, this difference can easily be seen, and, like Holtedahl, 
I keep the coarse augen-gneiss apart from the augen-gneisses of the 
basal complex that is grouped with the gneiss-granites. 
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The present discussion is not concerned with the geographical 
extension of the augen-gneisses and congenetic rocks. In my paper 
on the Lønset anticline I suggested a metasomatic mode of origin 
for these rocks. Further investigations have strongly supported this 
opinion. Holtedahl (op. cit.) has dealt with the extent of the augen
gneisses north of the river Driva from Ålbu to Gjøra and in the 
Trollheimen districts. His map shows the position of these rocks 
in relation to the flagstones and the basal gneisses of the Lønset 
anticline and the Trollhetta anticline. Holtedahl's map also shows 
that the augen-gneisses are found above the basal gneisses as zones 
in the Trondheim schists and the flagstones. In the map, fig. 4, on 
page 121 I have employed parts of Holtedahl's and M. Bugge's 
o bservations. 

I have had no opportunity of further studying the localities mapped 
by Holtedahl, and as the geological conditions are more complicated 
in those districts, this paper will only deal with the augen-gneisses 
round Engan and south of Sliper by Lønset. 

As will be seen from Holtedahl's map and my own, these two 
localities are closely connected. The same kind of rock may be 
followed in the direction of the strike from Sliper to Drivstua. 

As already mentioned, the augen-gneisses are mostly found in 
connection with the Trondheim schists. These are chiefly made up 
of biotite-hornblende schists and chlorite-epidote-hornblende
schists. Limestone sediments are not met with south and west of 
the river Driva. Marbles and calciferous micaschists with strong folds 
and floating structures are however found in the Vinstra Valley some 
kilometres west of Engan. These chalky sediments are found in a 
stratigraphically higher position than the Trondheim schists farther 
to the west. The latter are mainly built up of heavily pressed basic 
effusives, but Holtedahl maintains also pelitic and psammitic sediments. 

The geological conditions, and also the great petrographical and 
chemical similarity, make it probable that these basic effusives 
represent volcanic facies of the basic members of the opdalite-trond
heimite series. Many facts seem to indicate that the green effusive 
series is the same series as the opdalite-trondheimite series. 
Goldschmidt touches on the idea, and Carstens seem to share the 
same view. 

As the Trondheim schists in this area are always very gneissic, 
and always occur conformably with the substratum, they must be of 
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old- or pre-Caledonian age (eo-Caledonian). This applies also to the 
oldest eruptions of the opdalite-trondheimite series. 

The schists may often be mylonitized. This being particularly 
so in the strongly folded schists round the outlet of the river of 
Åmotsdal in Driva. In these mylonitized rocks full of slickensides 
great feldspar porphyroblasts are met with. The porphyroblasts 
showing no, or only insignificant, traces of cataclasm. 

It is a typical fact that the porphyroblasts occur as aften in 
the gneissic varieties of the Trondheim schist as in the less metamorphic 
facies. The porphyroblasts are found in round or edged individuals 
without any sign of crushing. This distinguishes these augen-gneisses 
from the augen-gneisses in the Lønset anticline. 

The augen-gneisses may differ somewhat in composition. In 
some rocks we find only few "eyes" in a ground-mass of biotite
amphibolitic composition. In other rocks the num ber of porphyroblasts 
may increase to such an extent that the ground-mass nearly disappears, 
thus giving a granitic rock, where thin dark stripes mark the boundaries 
between the different "eyes". Most often the composition of the 
augen-gneisses is monzonitic. 

It is obvious that the districts round the outlet of Åmotsdal river 
in Driva have been an area of unusually strong movements. Very 
strong folds and also a number of faults are encountered here. 
Slickensides with chlorite aften occur, and partly transverse to the 
schistosity. Slickensides are also met with at other places in the area, 
but then always parallel to the schistosity. Most of the movements, 
however, have been a homogeneous slipping. In this district we find 
all transitions from horn blende-schist to augen-gneiss, and it is 
impossible to mark the extent of the different rocks on a map of 
the usual scale. The rocks are often cut by quartz feldspar dikes 
and calcite veins. We find axes of folds dipping ca. 25 o towards ENE. 
Near the boundary between the augen-gneiss-hornblende-schists 
and the flagstones the rocks are cut by a lot of pegmatite dikes. 
These pegmatites are undisturbed by the foldings and they also cut 
through the slickensides. In the flagstones we may also find some 
layers of hornblende-schist, aften :chloritized and with slickensides. 

Farther to the south on the road to Drivstua, several sheets of 
amphibolite, partly with small albite porphyroblasts are met with. 
These sheets cut the flagstone, and are clearly younger than this rock. 
At the same time they are in part strongly fold ed, and Caledonian altered. 
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After having passed through the flagstones near the wellknown 
Engan flagstone quarries, the augen-gneiss complex is again met with. 
From these localities Carstens has described the "rapakivis". 

Near the boundary towards the flagstones we find dark schistous 
gabbroid rocks with small porphyroblasts of potash feldspar and 
albite. The ground-mass consists chiefly of hornblende and biotite, 
but it gives a more compact impression than ordinary hornblende
biotite-schist. Farther south from the boundary the rock becomes 
a lighter augen-gneiss richer in quartz. 

Several light layers in this augen-gneiss make a striking impression. 
The layers consist of albite and zoisite with sericite in sub-parallel 
arrangements. 

The layers are described by Carstens. He has also found them 
on the northern neighbouring map sheet, Trollhetta, to the west of 
Skarsjøen. He interprets these layers as saussuritized anorthosite-dikes, 
and this seems the most probable. They cannot however be regarded 
as pre-Cambrian. It is more likely to regard these rocks as belonging 
to the green effusive series cf. Goldschmidt ( 1916). The sheets have 
a remarkable plate structure parallel to the layering of the augen
gneisses. They show all signs of being pre- or syn-tectonic. 

To the north of Drivstua railway station the most typical "rapakivi" 
rocks are encountered. These rocks are fully described by Carstens, 
and I take permission to quote his analyses of the rocks. I am also 
showing a copy of his photograph of the "rapakivi" (plate VI, fig. 2). 

As can be seen, the rock has no preferred direction. It is difficult 
to bring this in harmony with the very strong Caledonian deformations 
in the neighbouring rocks, if the "rapakivi" is to be interpreted as 
a pre-Cambrian rock of a primary porphyric structure. The whole 
impression seems rather to support my view that the rapakivi structure 
is of post-tectonic origin. 

Petrological Survey of the Augen-gneisses and Connected Rocks. 

As example of the augen-gneisses we may take an augen-gneiss 
from the bridge at Rise. The specimens was collected by Holtedahl 
in 1939 and the analysis is made by B. Bruun, table XIII. 

The rock is a dark augen-gneiss with scattered large "eyes". 
The "eyes" are red, containing some dark patches. They are 
megascopically seen to be zoned with an outer greenish white-rim. 
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T a b1e XIII. 

Augen-gneiss Rise bridge. 

SiO, ........ 60.97 Ofo 

Ti01 . . . . . . .  1.61 
AlsOs··· .... 14.61 

Fe10a ....... 2.54 
FeO . • . . . . . .  6.07 

MnO . . . . • . .  0.15 
Mg O . . . . . . . 1 .54 

CaO . . . . . . . . 3.76 

Na10 ....... 3.36 

KsO ........ 385 
H20 ........ 1.04 

Sum l 99.51 Dfo l 

Q . . . . . . . .  
Or ........ 
Ab . . . . . . . •  
An . . . . . . . .  

Wo ....... 
En ........ 
Fs . . . . • . . . 
Mt ........ 
Il . • • • . •  o .  

Sum l 

12.0 
23.5 
32.0 

1 4 .5 Sum Sal. 82.00/o 

2.0 

4.4 

5. 4 

2.7 
2.4 Sum Fem. 16.90/o 

98 .9 

A microscopic investigation of a thin section of an "eye" and 
a little ground-mass gives the following result. 

The "eye" consists chiefly of two individuals of microcline forming 
twins according to the Carlsbad law. As inclusions in the microcline, 
grains of saussurite and quartz are found. The outer zone consists 
of saussuritized plagioclase with very small zoisite needles. The 
groundmass is made up of biotite, hornblende, quartz, and some 
small garnets. 

A more typical example of the type of rock is represented by 
a specimen from Rise farm. The rock was collected by me in the 
spring of 1939, and the analysis was performed without my knowing 
that Holtedahl had collected a similar rock from nearly the same 
place, and that this rock was analysed. Holtedahl's rock differs from 
mine in having fewer but larger " eyes" (Table XIV). 

The thin section is chief ly made up of micro-perthite with 
inclusions of saussuritized plagioclase (pl. IX). The saussurite contains 
well-developed crystals of clino-zoisite in albite-oligoclase. The feldspar 
has mostly twin lamellae according to the albite law, but untwinned 
plagioclase is also found. The albite has an anorthite content of 
9%. In many cases we may see that the plagioclase inclusions 
are zoned with an outer rim free from zoisite, and a core filled with 
zoisite. There is but an insignificant difference in extinction between 
the rim and the core. 



162 IV AN TH. ROSENQVIST 

T a ble XIV. 

Augen-gneiss Rise 0/39. 

SiO ......... 
Ti02 ... . . . . 
Al208 . • . . • . •  
Fe208 . • • • • • •  
FeO ........ 
Mn O 
Mg O 

• • •  o • • •  
o • • • • • •  

CaO ........ 
Na20 .... ... 
K20 .... . ... 
H.o ........ 

60.79 

0.22 

1 5.99 

4.65 

4.54 

n. d. 
2 27 
2. 11 
2.22 
5.69 

!02 

Q . . . . . . . . 
Or ........ 
Ab .. ...... 
An ........ 
C ......... 
En ........ 
Il . . . . .. . .  
Mt. ....... 
Fs ........ 
H.o . . . . . . 

l 
l 
l 

16.0 

33.5 

205 

1 0.5 

2.8 
6.4 

0.4 

5.0 

3.4 
1.0 

Sum l 99.50 l Sum l 99.5 

Sum sal. 83.3 

Sum fem. 16.2 

The fact that the core plagioclase which is the older, has the 
same extinction, and hence the same composition as the rim, shows 
that there is at present full equilibrium between zoisite and albite
oligoclase. It seems probable that this equilibrium was attained at 
the time of the formation of the porphyroblasts, and that it is not 
a later hydrothermal phenomenon. 

As mentioned, the rim has an anorthite content of 9%. This 
anorthite is however not transformed into zoisite, and in the core 
the saussuritization stopped at an anorthite content of 9 OJo. This 
equilibrium would seem to correspond to a temperature of about 
300° C. 

Round the plagioclase myrmekite is often formed. The different 
saussurite grains do not occur in paraBel orientation, and no connection 
with the axes of the microcline can be found. As a cloak surrounding 
the porphyroblast the same saussuritized plagioclase is found. The 
zoisite needles are mostly parallel-oriented in the saussurite. They 
may attain large sizes. 

Fissures in the microcline are filled with quartz and al bite. It 
seems also to be a constant feature that quartz surrounds the saus
surite inclusions. This may perhaps be due to a replacement of 
potash feldspar by plagioclase, but more probably the quartz represents 
later immigrated Si02• The plagioclase of the rim is part! y seen to 
have corroded the microcline. Hence, the plagioclase should be 
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younger than the microcline. The quartz is then to be regarded as 
a product of reaction. At the same time, the saussurite of the rim 
zone appears to be identical with that of the inclusions. Nothing can 
be stated with certainty about the mutual age of the plagioclase and 
the microcline. Observations favour the view that the inclusions are 
older than the microcline, and that the rim zone is younger. This 
is more fully dealt with later on. 

The ground-mass chief ly consists of very pleocroic biotite, the 
absorbtion colours being: Nearly opaque, greenish brown, yellow. 
In some instances the biotite is seen to form pseudomorphoses after 
hornblende. The biotite may occur as sheaves round rests of 
horn blende. 

· The horn blende is bluish green with the following optical constants: 
2 V+ ca. 90°, c :y ca. l 5°, y= dark bluish green, � = apple green, 
oc = yellow. The biotite horn blende aggregates may in parts contain 
saussurite. 

Some fairly large garnets are found in the ground-mass. Some 
titanite and apatite are found as accessories. The opaque minerals 
are partly red transparent (hematite). 

The petrologic character of the rapakivi-like rocks near Driv
stua is very similar to that mentioned above, and I can refer to 
Carstens, who has described these rocks thoroughly. I shall now 
give his analysis of the rock. 

Ta b l e  XV. 

"Rapakivi" Driv stua. 

Si02 ....... . 
Ti02 ...... . 
AI�Os ...... . 
Fe908 • • • • • • •  
FeO .. . .. . .  . 
MnO ...... . 
MgO ...... . 

CaO . . . . . . . . 
Na10 . . . • . . .  
K20 . • . . . . . .  
H10 .... ... . 

63.43 

0.97 
16.18 

1.32 

3.77 

0.11 
1.00 
3.36 

3 .85 
4.60 
0.60 

Q ....... . 
Or . . • . . . . .  
Ab • . . . . . . .  
An . . . • . . . •  
Wo ...... . 
Eo ...... . 
Fs . . • . . . . .  
Il ....... . 
Mt ....... . 
H20 ..... . 

12.9 
27.0 
3 4.5 
13.7 

1.4 
2.8 

3.6 

1.4 
1.4 
0.6 

Sum l 99.19 Sum l 99.3 
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As mentioned, the flagstone between Engan and Drivstua often 
contains layers of hornblende-schist, which may be full of slicken
sides. A microscopic investigation of such a layer Op 24/41 gives 
the following res ult: 

Ca. 30% hornblende 
,. 20% albite 
» 15 Ofo microcline 
,. 15 Ofo ca lei te 
,. lOOJo epidote minerals 
» 5 Ofo chlorite 
,. 5 OJo quartz. 

The hornblende is crushed and interwoven with chlorite. The 
albite is also in part mylonitized. 

Farther on, larger porphyroblasts of albite as well as microcline, 
are found. Zoisite, quartz and calcite fill the spaces between the other 
minerals. The rock must represent a recrystallized mylonite. This 
points to the fact that after the strong movements had ended, there 
have been conditions favouring a recrystallization at the low temperature 
corresponding to a hydrothermal quartz-calcite paragenesis. At this 
low temperature, the albite and microcline porphyroblasts seem to 
have formed. 

Near the boundary between the augen-gneisses and the flagstone 
north of Drivstua, a rather dark augen-gneiss is found. This rock 
is more fin el y grained than usual; the mineralogical composition is 
also unusual, as the rock contains about 40% saussurite with very 
much zoisite, and only 20% microcline. The other minerals are quartz, 
dark greenish biotite, hornblende, opaque minerals, and apatite. 

The saussurite aggregates as well as the microcline are found 
both in the "eyes" and in the ground mass. The saussurite-aggregates 
are very full of zoisite, and although the feldspar material is almost 
pure albite, the original plagioclase must have been rather basic, 
perhaps of labradorite composition. As no garnets are found, the 
alumina Iiberated by the saussuritization must have entered into the 
biotite. The potash feldspar is full of fissures and seems to have 
been more pressed than it is usual in the augen-gneisses. The quartz 
shows undulous extinction. 

The biotite is an extremely pleocroic variety. The hornblende 
is bluish-green only slightly pleocroic, 2V ca. 90°. The mineralogical 
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composition is thus rather unusua1, and seems to indicate a hybrid 
origin of the rock. 

The geologists who have worked on these augen-gneisses, have 
interpreted them in very different ways: A. E. Tornebohm ( 1896) 
regarded the augen-gneisses as overthrusts of archaean rocks of 
porphyrite character. K. O. Bjørlykke ( 1905) thinks that the augen
gneisses are younger Caledonian intrusives, and that they have acquired 
their present position in a molten state. V. M. Goldschmidt (1916), 
seems to be of an opinion similar to that of Bjørlykke. He places 
the augen-gneisses in the group of igneous rocks of unkown series. 
He mentions the close connection between the augen-gneisses and 
rapakivi-like rocks of Drivstua. C. W. Carstens is the geologist who 
has examined the augen-gneisses and the "rapakivis" most closely. 
He thinks that the augen-gneisses are metamorphous pre-Cambrian 
igneous rocks, and that the rapakivi structure is a primary porphyry 
structure. Holtedahl ( 1938) has mentioned the augen-gneisses several 
times. He seems to be firmly of the opinion that the formation of 
the "eyes" is a secondary feature. His opinion is shared by Barth. 
The two latter have however chiefly dealt with the porphyroblastic 
facies of the flagstone series. In this case it is not necessary to 
think that any metasomatism has taken place, as these light muscovite 
augen-gneisses are to be regarded only as products of internat 
recrystallization. 

It seems likely that the opinion of Holtedahl and Barth regarding 
the augen-gneisses must be the right one, as fully unpressed 
feldspar porphyroblasts occur in a very schistous ground mass. It 
seems obvious that a rock like, for instance the "rapakivi" at Drivstua, 
containing large feldspar crystals up to the size of 5 cm, have been 
exposed to the same processes as have pressed a somewhat similar 
rock (the sparagmitian basal conglomerate) beyond recognition only 
a few km farther to the west. 

As can be seen from Carstens treatises, continuous transitions 
exist between the rapakivi and the other rocks connected. 

V. M. Goldschmidt, on his map of the metamorphism in the 
Trondheim area, draws the augen-gneisses on the border between 
the chlorite zone and the biotite zone. This corresponds to epidote
amphibolite facies and partly to green schist facies. I find that most 
augen-gneisses can be placed within the saussurite facies. The mode 
of occurrence of biotite and chlorite in the Opdal area, makes one 

Norsk geo!. tidsskr. 22. Il 
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think that there is no greater difference in facies between the biotite
amphibolites and the chlorite-amphibolites. The difference seems 
rather to depend on differences in the chemical composition of the 
rock. This means that an increasing potassium content gives birth 
to biotite under the same thermodynamical conditions where chlorite 
is stable in rocks poorer in potassium. In such rocks poor in 
potassium, an increasing temperature and pressure will transform 
the chlorite directly into garnet. (Cf. Eskola 1915.) 

THE YOUNGE ST ROCK S OF THE OPDAL AREA 

(THE SMALL GRANITE S) 

From two to three km north of Engan railway station some 
smaller granite-bodies are encountered. This granite is a pink muscovite
bearing rock. The rock is noticeable because of its unpressed character, 
and by being inconform to the surrounding rock. These granites and 
some granite pegmatites are the only rocks in the whole Opdal area 
which are not concordant with the neighbouring rock. 

The granites are very rich in quartz. As an instance I shall 
describe a granite 4/41 N Engan. 

This rock contains the following minerals: 

Microcline perthite. The mineral makes up about one-half of the rock. 
It contains rather large amounts of pertite lamellae. 

Albite is chiefly found in the above-mentioned perthites. In addition 
some scattered grains of albite-oligoclase are found. 

Quartz makes up one third of the granite. It is almost devoid of 
inclusions, and free from undulous extinction. 

Muscovite is found in subparallel arrangements, thus giving the rock 
a certain foliation. The muscovite makes up more than 10 OJo 
of the rock. 

Zoisite is found in smaller amounts, often with crystal-outlines. 
Biotite is found only in smaller quantities. The biotite has greenish 

absorbtion colours. 
Titanite is found in well-developed crystals. 
Apati te and opaque minerals sel dom make more than l O Ofo of 

the rock. 

An analysis of the rock is given in table XVI. 
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T a b l e  XV I. 

Muscovite granite N Engan 4f4t. 

Si02 . . • • • . . .  
Ti02 • • . • . • .  
Al20a ...... . 
Fe203 ..... .. 

FeO ...... . . 
MnO ..... . . 
MgO .. . ... . 
CaO ... ... . . 

Na20 .. . . . . . 
K20 ....... . 
P205 ...... . 
co ........ . 
H20+ ..... . 
H20- ..... . 

77.55 
0.22 

10 74 

0.12 

0 62 

0.05 

0.21 

0.99 

1.88 
5.89 

0.22 

tr. 

0.90 

0.32 

Sum l 99.64 

Q ...... . . 
Or . ...... . 
Ab ...... . .  
An . ..... . 

En .. . .... . 
Fs ....... . 
Ap . ..... .. 

l Mt. ..... .. 
Il ....... . 

38 8 

37.0 

18.0 

2. 7 Sum sal. 96.5% 

0.3 

12 

0. 6 

02 

0.5 Sum fem. 2. 6°/o 

As will be seen, the analysis is not in very good harmony with 
the microscopical investigation: this is especially the case with the 
lime-bearing minerals: zoisite and anorthite. From the microscopic 
investigation a somewhat higher content of lime was to be expected. 
As however the rock is rather coarsely crystalline, the thin section 
may not be representative of the analysed sample. 

It is, however, worth noticing that the rock has a so much 
higher content of normative ilmenite than of magnetite. In the mode 
the titanium content is found as titanite. It is also noticeable that 
the amount of normative orthoclase is so dominating. The rock 
must be regarded as a granite very rich in potassium of nearly aplitic 
composition. The granite is coarsely crystalline and unpressed. It is 
therefore reasonable to think that the rock does not represent any 
true igneous rock, but that it rather is to be regarded as a kind 
of pegmatite-aplitic rock, formed in post-Caledonian time. 

The small extent of the bodies, which seldom attain 2000 m2, 
points in the same direction. In this connection it may be mentioned 
that genuine coarse-crystalline pegmatites of the same mineralogical 
composition are also found in the district. These pegmatites usually 
cut through the schistosity of the hornblende schists and the augen
gneisses. This clearly shows that the granitic rocks are younger than 
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the Caledonian movements, but it does not necessarily mean that 
the granites are younger than the "eyes" of the augen-gneisses. In 
my opinion the granitization of the augen-gneisses occurred after 
the movements had ended. 

As to these granitic rocks, it is not clear to me to which rock 
series they belong. I am inclined to think that they may represent 
end-members of the opdalite-trondheimite series, rich in potassium; 
but nothing certain can be said about this at the present time. 

ON THE ORIGIN OF THE AUGEN-GNEISSES AND 

THE ROCKS CONNECTED WITH THEM1 

The physical chemistry of the rock forming minerals has not 
been investigated in the laboratory under the conditions that probably 
existed during the formation of the augen-gneisses in the Opdal area. 

R. Goranson has dealt with the melt system granite-water and 
feldspar-water. Some of these works are found in the list of literature. 
He has investigated these systems under different temperature and 
pressure conditions, but he has not treated them at temperatures below 
600° C. Therefore, in working on the origin of the augen-gneisses, 
reliable considerations can not be drawn from his results, as the 
temperatures were probably very much lower during the formation 
of the augen-gneisses. 

Some of the results of the high temperature-investigations of 
the magmatic processes may, however, be of great value for the 
solution of the problem of the formation of the augen-gneisses. 

In a pa per dealing with the melt system albite-water, he writes: 
" It is essential that the surplus of water is kept as low as possible, 
otherwise a leaching of the silicates will take place, and this results 
in a change of the chemical properties". He thinks that leverrierite 
(a water-bearing alumina-silicate of the beidellite-group) has crystallized 
from the sur pl us water of the al bite-water melt-solution. The following 
experiment performed together with Dr. Ernst Føyn in connection 
with his work on artiflcial weathering of uraninites shows that also 
feldspar may crystallize from such solutions at relatively low 
temperatures: 

1 A preliminary paper on this subject appeared in this journal 194 1. 
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In a tube of jena glass, uraninite crystals were heated together 
with some ml destilled water. The tubes were heated for 12 hours 
to temperatures of 200 and 300° C. This resulted in a significant 
weathering of the glass-tube, and often a number of small pure albite 
crystals were found newly formed on the uraninite crystal. The water 
in the tube had got a strongly alkaline reaction, PH up to 10.7. 

Composition of the tube. 

(Gerd Lystad, analyst.) 

Si02••••••••••••••• 75.58 
AI20a . . . . . . . . . . . . . . 4.79 
MgO............... 0.42 
CaO ....... ........ 3.2 6 
Na20 .............. 2.08 
K.o . . . . . . . . . . . . . . . 3.93 
BaO ............... 1.30 
8203••••••••.•••••• 7.30 

Sum l 98.66 

I have in a previous pa per ( 1938) shown that a leaching of 
granitic rocks at room temperature results in considerable enrichment 
of alkali and calcium in the solution. It is noticeable, however, that 
alumina and silica were present in the solution in amounts greater 
than corresponding to the solubility of the pure oxides in water, 4 l 
destilled water had dissolved from a finely crushed granite ca. 14 mg 
Si02 and ca. 3 mg Al208• The figure 1 shows the solubility of these 
two oxides in water of different Prr. 

It seems clear that the first thing that happens when water is 
brought in contact with a rock, is an hydrolyzation of the minerals, 
especially the mica and feldspar. Thus the water takes up alkali and 
calcium. This lye is then able to dissolve silica and alumina from 
the residue, forming aluminates and silicates. 

The influence of pressure and temperature on such solutions has 
not yet been studied. The contents of alumina and silica in the 
solutions are functions of the contents of alkali and earth-alkali. We 
may therefore get an impression of the solubility of the silicates by 
studying the conditions of solubility of the alkali and earth-alkali 
compounds at various pressures and temperatures. 

R. E. Gibson ( 1938) has stud i ed the solubility conditions of several 
compounds with respect to the variations of temperature and pressure. 
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The following equation gives the variations of the chemical potential 
of a saturated solution as a function of temperature and pressure. 

Hence 

(d p. ) = (V�-V�) c p. K 
dX2 PT c X 

In the equations, x2 represents the concentration of the saturated 
solution, p the pressure, v2 the partial volume of the dissolved 
compound in the solution, V� is the speciflc volume in solid state; 

(
d
d 

fL ) is the variation of the chemical potential of the solution in 
X2 PT 

relation to the concentration, at the temperature and pressure of 
the experiment. 

d Il· . 
l 

. . 
h 

d X . . . 
d x2 

IS a ways pos1ttve, ence dP 1s pos1ttve 

when V� is greater than V 2• 
Gibson shows by experiments that an increase of the solubility 

is rarely found with increasing pressure. This is a well-known fact. 
He shows however that the carbonates, sulphates, sulphides, fluorides 
and hydroxides of the usual alkali metals and calcium are more 
soluble at higher pressures. 

Even if the hydrothermal pore-solutions are not saturated it is 
obvious that a greater solubility of the ions in question increases 
the hydrolyzation of the minerals in contact with the solution. 

As the compounds mentioned just are those particular compounds 
which are expected to have leaching effect on the rock-forming 
minerals, an increase of the pressure brings more of the minerals 
in solution, and by a decreasing pressure the components are again 
precipitated. 

As more silica than alumina will be dissolved (compare flgure l) 
we may expect quartz to precipitate as a late mineral from the 
hydrothermal solutions by decreasing temperature and pressure. 
As the last mineral calcite crystallizes from the surplus lime in 
the solution. 
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As regards the crystallization of feldspar from the hydrothermal 
solutions, it is obvious that the amount of feldspar depends on the 
amount of alumina in the solution. Since alumina is the minimum
component of the solution, it is necessary to investigate the solubility 
conditions of alumina if we are going to understand the formation 
of the feldspar porphyroblasts. 

By constant pressure and temperature the solubility of alumina 
chiefly depends on the PH of the dissolving medium. The PH depends 
but little on the amounts of silica present. Therefore we may assume 
that an increasing pressure increases the solubility of alumina and 
hence of feldspar. This is analogous to the technical productions of 
Al208 according to the "Bayer process". 

As the solubility of feldspar and quartz increases with the 
pressure, it is not to be expected that quartz and feldspar-porphyroblast 
should be formed during the falding of a mountain chain. On the 
contrary, the formation may take place after the movements had 
ended when the pressure and temperature are decreasing. Hence 
porphyroblasts are to be regarded as post-tectonic. This explains the 
unpressed character of so many augen-gneisses. From the above 
mentioned, we may also see an explanation of the lenticular form 
of the porphyroblasts. As the porphyroblasts are growing in pressed 
and foliated rock, the resistance against crystal growth will be higher 
normal to the schistosity than parallel to it. Hence the solubility of 
the feldspar is greater perpendicular than parallel to the schistosity. 
This results in a lenticular shape of the porphyroblasts (pl. V, fig. l). 

Although the porphyroblasts crystallize from aqueous solutions 
they are not to be regarded as crystallizing under hydrostatic pressure. 

The surrounding liquid layer will probably be very thin, almost 
of monomoleculare nature. The side minerals are all the time pressing 
harder on that part of the growing porphyroblast turned towards 
the schistosity than on the parts parallel to the schistosity. An 
isometrical crystal-growth would thus result in a greater solubility 
transverse to the schistosity, and the crystal would recrystallize in 
such a way that iones went in solution from the parts of the 
porphyroblasts that turned towards the schistosity plane, and again 
precipitated on the other side. This form of crystallization corresponds 
to what Sander has called "belteroporic crystal growth" (from greek, 
hetter passage ) . Minerals in which the solubility decreases with 
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increasing pressure are however to be expected to crystallize in such 
a way that the Jonger axis comes athwart the schistosity, if the 
mineral grows as porphyroblast in a solid schistous rock. This is 
partly the case with staurolite and chloritoid. 

Since alumina is the component which first precipitates from 
the solution by decreasing pressure and temperature, we have one 
factor which is working in the direction of a precipitation of plagioclase 
rich in alumina. At the same time all experiments show that the 
basic plagioclases are the most soluble and hydroly zable.1 This seems to 
work in the opposite direction. Therefore it is the chemical composition 
of the solution which de termines whether or not an inve rsely zoned 
plagioclase is going to crystallize . Finally quartz and the surplus 
calcium will crystallize, the calcium mostly in the form of calcite. 

V. M. Goldschmidt maintains that the augen-gneisses by Opdal 
mostly contain "eyes" built up of a s i n g l e  f e l d s p a r  i n d i v i d u a l  
o r  t w o i od i v i d  u a l s f o r m  i o g C a r l s b a d t w i o s .  Such 
porphyroblasts are rather common, but m i c ro - p e g  m a t  i t  i c a Il y 
c o m  p o s e  d "e y e s" are equally common. Often we may tind 
gr a p hic i n tergr o w t h  o f  q u a r t z  a n d  fe l d s p a r. 

As mentioned, the porphyroblasts often contain inclusions of 
altered plagioclase with a rim of albite, surrounded by quartz. 

On the boundary between plagioclase and microcline, myrmekite 
with vermicular quartz is often e ncountered. The whole impression 
is that the "eye" has crystallized in one phase. To a certain extent 
the most basic plagioclase has crystallized first. The quartz in the 
fissures of the microcline has at all events crystallized last, perhaps 
in a later phase. A thorough description of the porphyroblasts will 
be found in the chapter on the petrology of the augen-gneisses. It 
is, however, here appropriate to mention that the extinction of the 
quartz filling the fissures, is not so undulous as that of the other 
quartzes. This undulous extinction is the only feature that points 
to a post-cry stalline stress in the porphyroblasts. This stress may 

1 The hydrolyzation of plagioclase results at low temperature in a leaching of 

the bases and a bauxite-like residue. With an increasing pH of the solution 

more alumina dissolves, until, by a certain lime-alkali concentration the solution 

attains equilibrium with a certain plagioclase. With increasing temperature 

and pressure the plagioclase in equilibrium will crystallize, thus the solution 

becomes poorer in alumina, and establishes equilibrium with more acid 

plagioclases. (Compare p. Ill.) 
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very well be due to the considerable increase in volume by the 
transformation of horn blende-schist in to augen-gneiss. 

As Carstens has shown, and I have followed up in details, there 
exist transitions by degree betwee n  the "rapa kivi" and the augen
gneisses on the one side and the hornblende- and green schists on 
the other side. Therefore it seems more Jikely that the "rapakivi" 
and augen-gneisses originated from the schists by addition of silica 
and potassium, than that the "rapakivi" should be the original rock 
which through metamorphism gave rise to the other rocks. Carstens 
mentions that transitions are found betwe en the augen-gneisses and 
the normal-grained gneiss. If he means the basal gneiss of the 
Lønset anticline by the term "normal grained gneiss", I do not agree 
with him. As will be seen from the map, the basal gneisses always 
borde r on the flagstone . If however he me ans that the augen-gneisses 
of the basal complex grade into the gneiss-granites, it is right. 
The augen-gneisses of the basal complex are not, however, connected 
with the augen-gneisses at Engan, nor with the rapakivi-Jike rocks 
at Drivstua. 

Carstens also says that the augen-gneisses are mostly underlying 
the flagstones, which he thinks are of eo-Cambrian age . This is 
not in accordance with my observations. He says himself in another 
pa per ( 1923, o p. cit. ) that the coarse augen-gneisses occur as dikes 
in the leptite . The leptite is the same rock as I have calle d flagstone, 
and Carstens, too, thinks that the le ptite is metamorphous sparagmite 
of e o-Cambrian age. In accordance with his own observations it is 
difficult to understand, how he can come to the result that the augen
gneisses are of pre-Cambrian age. On the other hand, the augen-gneisses 
are not at several places found above the flagstone, at places where 
no invertion is possible. There is therefore no reason to believe 
that the augen-gneisses are of pre-Cambrian age . It se ems more 
likely to share the view he ld by K. O. Bjørly kke and V. M. Gold
schmidt, viz. that the augen-gne isse s re present Caledonian intrusives 
and extrusives. 

I do not however think that the augen-gneisses we re intruded 
in their present state. I think that in the time of the Caledonian 
movements basic rocks belonging to the gree n  effusives-series intruded 
and extruded. These rocks were later metasomatically transformed 
into augen-gneisses. 
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As regards the Trondheim schists in the area, the structure as 
well as the chemical composition point to a connection with the basic 
trondheimite rocks. Since, however, gabbroid rocks are of nearly 
the same composition, irrespective of the series to which they belong, 
nothing can be stated with certainty. 

According to what is stated, and what will later be more 
corroborated, I regard the origin of the augen-gneisses as a meta
somatic process: The original basic effusives were altered through 
potassium metasomatism into biotite-oligoclase-hornblende-schists. 
Further immigration of potassium-water-glass turned the rock into 
the augen-gneiss state. The last occurrence may be a conversion of the rest 
of the hornblende into biotite (pl. Il and Ill) .  Thus lime is liberated. 
Parts of this lime are refound in the plagioclase of the porphyroblasts. 

This theory is supported, among other things, also by the fact 
that the hornblende of the augen-gneiss is often an uralite. This has 
also been observed by Carstens in the "rapakivis" . In oars we may 
find remains of pyroxene cores. This uralite is the same as found 
in the amygdaloids from Gråhø. In the Gråhø saussurite gabbro, 
remains of light hypersthene are also found. 

As regards the augen-gneisses in the basal-complex, these rocks 
are dealt with in an earlier chapter. Another type of augen-gneiss 
is the light augen-gneiss which is found in several places in the 
flagstone series. In the parts of the area which I have de alt with, 
these muscovite-augen-gneisses are especially found round the top of 
Tronfjell and at Furunes near Ålbu. In the case of these muscovite 
augen-gneisses, no immigration of potassium has been necessary. 
The light augen-gneisses may be regarded as a result of internat 
porphyroblastesis in the flagstone. I fully agree with Carstens, Holte
dahl, and Barth in regarding these gneissous facies of the flagstone 
as produced by simple metamorphism and recrystallization. 

As already mentioned, the flagstone is often very rich in muscovite, 
and we may regard this muscovite as being derived from the feldspar, 
according to the following equation 

3 KAISi808 + H20 � H2KAI8Si8012 + K20 + 6 Si02• 

The potassium oxide thus liberated is able to dissolve the alumina 
surplus of the flagstone and again crystallize as feldspar in those 
parts of the rock where the pressure is lower. The porphyroblasts 
of the flagstones are thus to be regarded as a mineral-metasomatism. 
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The rock as a whole has not been deprived of or received any 
addition of material. 

As for the formation of the augen-gneisses in the Trondheim 
schist complex, however, a considerable potassium immigration is 
necessary. The origin of these potassium amounts is not quite clear. 
They may have been squeezed out of the flagstones or they may 
deri ve from the aqueous residue liquids of the opdalite-trondheimite 
rocks. Table XVII gives an illustration of the material added and 
removed in a series of progressive porphyroblastesis. The following 
is assumed: The original rock was of a composition like that of the 
quartz-biotite norite from Gissenåsen. During the process of meta
somatism no immigration or emigration of iron has taken place. 

Objections may be raised to the two assumptions: that only 
the amounts of iron are kept as a constant, and that the original 
rock was of a composition exactly like that of the quartz-biotite 
norite. As regards the first point, one might have chosen to keep 
the sum of iran-magnesia constant, but, as will be seen, the ratio 
magnesia is lower in all presumably metasomatic altered rocks than 
in the fresh rocks from Opdal-Inset and Gråhø. One is more 
inclined to think that part of the magnesia is transported away along 
with the lime, rather than that any addition of iron worth mentioning 
has taken place. 

In the Stavanger area V. M. Goldschmidt finds that there has 
been no addition of iron during the metamorphism. A subtraction 
of magnesia however may very well have taken place. 

As regards the second point, the quarz-biotite-norite is chosen 
because of its close connection with the Gråhø rocks. It seems 
however that the original rock was even a little more basic than 
the quartz-biotite-norite. Perhaps a mean between the norite and 
the "porphyrite" west of Tilset would have been the most correct 
starting point. This would have resulted in a still more distinct 
potassium metasomatism. Such a starting point would seems likely , 
as it would give a more explicit metasomatosis in the porphyroblast 
schist. In this rock it is clearly seen that there has been a considerable 
immigration of feldspathic material. From ta ble XVII this metasomatism 
is not so clearly seen. As regards the augen-gneisses, it would not 
make any great difference what starting point we used. 

All facts point in the same direction, viz. the metasomatism has 
been a distinct potassium metasomatism. The metasomatic processes 
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Ta b l e  XV I I. 

Quartz- bi o tite no rite 
Gissenåsen 

(V. M. Goldschmidt) 

Si02 ....... 
Ti02 .. . . . . 

Alt�Os. . . .. 

Fe20s ...... 
FeO ....... 
MnO .... . . 

Mg O .. . ... 

CaO ....... 
Na20 ...... 
K20 ....... 
H20 ....... 

l Added Sub-
tracted 

51.67 - -
1.82 - -

15.42 - -
1.04 1 - -
9.32 - -
0.1 9 - -
7.1 3 - -
8 56 - -
2.98 - -
0.92 - -
0.59 - -

- l - l - l 

Porphyroblast schist 

l 
SiO!I······· 
Ti02 • • • • • •  
Al20s ...... 
Fe208 • • • • • •  
FeO ....... 
MnO ...... 
MgO ...... 
CaO ....... 
Na20 ...... 
K20 ....... 
H.o ....... 

l Added l Sub-
tracted 

55.50 4.8 -
1.52 - 0.3 

15.89 0.5 -
3.64 - -
7.0 2 - -
0.2 0 0.0 -
6.52 - 0.5 

4.85 - 3.7 

2.05 - 0. 8 

2.21 I.l -
1.2 0 - -

- l 6.4 l 5.3 l 

Saussurite gabbro 
Gråhø 

Added Sub-
tracted 

51.96 1.3 3 

1. 00 - 0.8 0 

16.8 4 1 . 73 -
3.35 - -
7.08 - -
n. d. - -
5.24 - 1.80 

8.22 - 0.1 8 

2.91 - O. OI 
1.71 0.8 0 

1.3 3 - -

- l 3. 86 l 2.79 

Augen-gneiss 

l Added l Sub-
tracted 

60.9 7 24.4 -
1.61 0.2 -

14.61 4.8 -
2. 5 4  - -
6.0 7 -
0.18 - -

1.54 - 5.2 

3.76 - 4.8 

3.36 1.2 -
3.8 5 1 3. 9 -
1.04 - -

- l 34.5 l 10.0 
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Table XVII (continued). 

Augen-gneiss 

Si02 ....... 
Ti02 o • • • • •  
Al203 • • • • • •  
Fe,o •. . . . . .  

FeO ....... 
MnO .. . . . . 
MgO ...... 
CaO ....... 
Na,O ...... 
K20 ....... 
H.o . . . . . . .  

Si02 • . • • • • •  
Ti02 • • • • • •  
Al, Os ...... 
Fe203 • • • . • •  
FeO .. . . . .. 

MnO ...... 
MgO ...... 
CaO . ...... 
Na.o ...... 
K20 ....... 
H20 ....... 

l 
Rise 

60. 7 9  

022 

15.99 

4.65 

4.5 4 

Q. d. 
2.23 

2 . 1 1 
2 22 

l l Sub-Added 
tracted 

1 9.9 
- 1.5 

3.4 -
. 

l 
-

. -

. -
- 4 5 
- 6.1 

0.3 

5.69 1 5.8 . 
1.02 -

- l 2 9.1  l 12.4 l 

"Rapakivi" 
Drivstua 

(Carstens) 

l 
63.45 

0.9 7 

1 6.18 
1 .32 

3.7 7  

0.11 

1.0 0 

3 36 

3. 85 

4.6 0 

0 .60 

l l Sub-

. 

Added 
tracted 

78.1 
0.2 

17.4 -
- -

l - -
- 5.1 

1.7 
4.8 -
8.4 -

-

l 

. l 108.9 l 6. 8 l 

---

Augen-gneiss 

6 1.35 

0.96 

16 .53 

1.92 
4.16 
0 .12 

0.99 

3.74 

3.90 

Drivstua 
(Carstens) 

l l Sub-Added 
tracted 

56.5 -
-

12.9 
-

l 
-

. 
O.l -

. 5.4 

1.7 
3.9 . 

4.2 8 1 6.7 -
1.02 - -

- l 80.1 l 7.0 1 

Single porphyroblast 
from augen-gneiss 

Småvollen (B. Bruun) 

66.50 
0.16 

17.68 
0.93 

0.57 

0.03 

0.86 
1.65 

11.35 
0.37 

l l Sub-Added . tracted 

434.3 3

1 
0 .65 

113.68 -
- -
-
-
- 6.9 1 
- 2.28 

9.08 -
81.68 -

2.1 1 

. 1640.88 l 9.84 
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may also be illustrated by means of the Niggli values. This m ode 
of illustration has the great advantage of permitting the variations 
to be easily plotted in a graph. In this case the mean value: al, 
fm, c, alk, and k are to be plotted as functions of si. Such a graph 
illustrates the variations in a happy way. Table XVIII gives the Niggli 
values of 9 rocks from the evolution series. Figure 7 is the graph 
of the mean Niggli values. The curves are drawn in accordance 
with the minimal error. The difference between the curves and the 
real values may be controlled from table XVIII. 

As will be seen from the figure and the table, the single "eye" 
from the augen-gneiss at Småvoll suits the whole series very well, 
forming the outerm ost end-member in the evolution from hornblende
schist to augen-gneiss. It is furthermore worth noticing that the curve 
representing alk, comes closer to the al curve with increasing si. 
This shows that the solutions which have caused the metasom atism, 
have been richer in alkali than in alumina. Parts of the alumina 
necessary for the formation of the porphyroblasts must therefore be 
derived from the rock in which the porphyroblasts are formed. These 
alumina amounts may originate from the anorthite component of 
the plagioclase. We may consider that the invading solutions consist 

Nr. 

l 

2 

3 

4 
5 

6 

7 

8 

9 1 

l. 
3. 

5. 

7. 

9. 

Ta b l e  XVI I I. 

The Niggli values of rocks from the evolution series 

hornblende-schist-augen-gneiss. 

si al fm c alk ti p l h l k mg 

1 07 30.4 42.5 23.6 3.4 3.1 0 7  7.7 O.l l 0.4 
109 21.7 43 6 29.2 5.5 0.7 0 9  10.2 0.26 0.6 

126 22.2 47.1 22.3 8.4 3 .3 0.6 4.8 0.1 7 0.6 

134 25.6 41. 7  22.6 !O.l 1.9 0.9 11.5 0.28 0.5 

153 25 .7 50. 7 14.3 9.3 3.1 O.l 10 . 9 0.42 0.5 

2 1 9  3 1 .0 3 3.9 14.5 20.6 4.3 - 12.5 0.43 0. 3 

226 33.5 38  o 7 5  20.6 0.6 . 12.1 0.63 0. 3 

249 37.5 22.5 14.1 25 . 9 2.9 - 7.9 0.43 0. 3 

l 

302 47.7 l 6.2 5.1 41.0 l 0.5 - l 7.1 l 0.8 0 l - l 

"Porphyrite", W Tilset. 2. Hornblende-schist, W Tilset. 

Quartz-biotite-norite, Gissenåsen. 4. Saussurite gabbro, Gråhø. 

Porphyroblast schist, Tilset. 6. Augen-gneiss, Rise bridge. 

Augen-gneiss, Rise. 8. "Rapakivi", Drivstua. 

Single "eye", Småvoll. 

o 

0.14 

0.15 
0 . 04 
0.16 

0.1 5 

0.2 

0.3 

0.2 
-
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Fig. 7. Variations of the mean Niggli values, in the series of evolution from 

hornblende-schist to augen-gneiss. 

to a great extent of alkali silicate. Such solutions can only react 
with rocks possessing a ratio al u mina: alkali + lime high er than what 
corresponds to the plagioclase equilibrium at the temperature of the 
metasomatism. This means that either the rock must be rich in 
anorthite, or it must have an alumina surplus, as, for instance, the 
muscovite-schists. 

This interpretation of the augen-gneiss problem, is in many points 
closely connected with Backlunds (op. cit.) opinion of the origin of 
the rapakivi granites. He thinks that the rapakivi granites of Sweden 
and Finland are form ed by granitization of j otnian sandstone. As 
regards the "rapakivi" at Drivstua, he does not treat these rocks, 
as they differ from the Finlandish and Swedish in, as he says, 
"being Caledonian metamorphosed". This is however not the case. 
The difference between the real rapakivi granites and the augen-gneisses 
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and "rapakivi" in the Opdal district, is found not in post-crystalline 
metamorphosis, but in the chemical composition. A common feature 
of all the rapakivi he deals with, is that the rocks are of post-tectonic 
origin. This is exactly what I think is the case with the porphyroblasts 
in the augen-gneisses of the Opdal area. Backlund maintains that 
the femic oxides have been constant during the migmatization. 

The fact that Backlund derives the rapakivis from jotnian sand
stone, and I hold that the augen-gneisses originated from gabbroid 
Javas, does not make any great difference in the chain of reasoning. 
In accordance with the difference in origin, it is found that the augen
gneisses are of a considerably more femic composition than are 
the rapakivis. 

As will be seen from the analyses given by Backlund, the 
invading solutions have been especially rich in potassium. This is 
not so much the case in the analyses of the Dala porphyry, as in 
those of the Finlandish rapakivis. The difference is mostly due to 
the circumstance that the Dala sandstone is very rich in potassium; 
the Svir sandstone is however very poor in potassium. 

Backlund also thinks that some coarse monzonitic rocks found 
in connection with the rapakivis are formed by a granitization of 
gabbroid rocks. 

Besides the great difference in the mother rock, the chief 
difference between the rapakivis and the augen-gneisses is found in 
the temperature of the transformation. As regards the rapakivis, 
the temperature of transformation was above the granitic pseudo
eutecticum. Therefore a great part of the rock has been in a molten 
state. This gives the rapakivis the characteristics of an igneous rock. 
Backlund, however, mentions several features of the rapakivis, which 
seem to be inherited from the j otnian sandstones. Although I am 
not in agreement with Backlund on every point regarding the rapakivis, 
most of his arguments can be used in the case of the augen-gneisses. 
As shown by V. M. Goldschmidt, the chemical composition of the 
augen-gneisses of the Opdal area, makes it impossible to refer them 
to any of the Caledonian eruption series. This is in good harmony 
with the well-known fact that the rapakivis of Sweden and Finland 
do not belong to any ordinary differentiation series. 

H.v. Eckerman's (1937) statement on transitional rocks between 
basalt and rapakivis, shows that basalts may be altered through 
metasomatism into rapakivis. This is Backlund's interpretation of 
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v. Eckerman's analytic results. Backlund's opinion, as will be known, 
has been very much criticised by v. Eckerman among others. 

Already in 1928 Barth showed that in the district of Kristian
sand a metasomatic evolution from amphibolite to augen-gneiss exists. 
The amphibolite in question is a member of the evolution series 
from limestone via skarn to amphibolite and further on through 
augen-gneiss to light gneiss and pegmatite. However it makes no 
difference that the one amphibolite is a metasomatically changed 
limestone, the other a uralitised norite-porphyrite. The circumstances 
described by Backlund and Barth differ from the formation of the 
ai.tgen-gneisses in a higher temperature. Barth mentions SOOQ C as 
a probable temperature of the migmatization in the Kristiansand area. 
This results in a higher anorthite content of the plagioclases. 

The great amounts of fluorine found in the Finlandish rapakivis 
point to a higher temperature during the alteration. This gives to the 
formation of the rapakivis a pneumatolytic factor. In the rocks from 
the Opdal area, fluorine minerals are unimportant, and the fluorine 
content is chief ly found in the hornblende, biotite, and apatite. No 
immigration of fluorine is noticeable in the Opdal area. As v. Eckerman 
states, the immigration solutions in the case of the rapakivis had a 
fluorine con tent of 7 Ofo, considering Backlund's opinion to be right. 
In this point the migmatisation of the rapakivis differs widely from 
the hydro-thermal metasomatism in the Opdal area. 

Carstens (op. cit. ) touches on the idea of a metasomatic influence 
following the "metamorphism from 'rapakivi' to augen-gneiss". This 
metasomatism must, however, have been of such a nature that a 

considerable addition of iron, magnesia, and lime has taken place. 
The amount of alkali is kept constant. Such an assumption is not 
reasonable, and also on this point the opposite idea is supported viz: 
The "rapakivis" and the augen-gneisses are formed by the same 
metasomatic process. The "rapakivis" are to be regarded as a, further 
step in the chain of evolution. Carstens (op. cit.) maintains that the 
flagstone series contains "eyes" at several places. This is the case 
on the Opdal map-sheet as well as on the neighbouring map-sheet 
Trollhetta. In the case of these augen-gneisses, however, Carstens 
says without taking any reservation that the formation of the "eyes" 
is only to be regarded as a matter of metamorphism. He is not 
consistent in his opinion to the extent of thinking tbat the other augen
gneisses of the area may have be en form ed by the same kind of processes. 

Norsk geoL tidsskr. 22. 12 



182 IVAN TH. ROSENQVIST 

The possibility that the augen-gneisses are formed by intrusioli 
of granite m agma in the Trondheim schists, analogous to the case 
purported by Goldschmidt in the Stavanger area, presupposes a 

granite amount of 100% in order to bring the magnesia content down 
from 7 Ofo to l Ofo. This cannot be in harmony with the great amounts 
of iron still present. Jf a granite magma had intruded into the 
Trondheim schists, only 50% would be necessary to bring the iron 
content d own to that of the augen-gneisses. It therefore seems 
reasonable to assum e that the invad ing solutions were of a water
glass-like composition. From the diagram , fig. 7, will be seen, that 
the solutions were prim arily composed of potassium -silicate, containing 
some alumina. This is quite analogous to the sod ium metasomatism 
of the Stavanger area. 

V. M. Goldschmidt is in doubt how far the augen-gneisses of 
the Stavanger area are to be regarded as m igmatically changed pelitic 
sed im ents or cataclastically deform ed intrusives. He brings several 
arguments forward that support the first assum ption. He chooses, 
however, to let the question stand open. The same arguments which 
Goldschmidt uses in the Stavanger area in order to prove the first 
assumption may, along with other heavily weighing arguments be 
used in the case of the Opdal area. It seems however that the 
temperature in the Stavanger area was somewhat higher than in 
Opdal. At !east the augen-gneisses of the Stavanger area contain 
less water than those in Opdal. The other rocks of the Stavanger 
area might have formed at somewhat the same temperature as in 
the Opdal rocks. 

The petrographical description which Goldschm idt gives of the 
augen-gneisses from Stavanger, shows in parts a striking analogy to 
the Opdal rocks. In rocks so strongly altered as the m igmatic augen
gneisses, it d oes not matter whether the mother rock was a pelitic 
sed iment or an andesitic to basaltic Java. What is of im portance is 
the kind of reactions which occurred , and the thermo-dynamical 
conditions at which they have taken place. 

It is no more possible to recognise the original m aterial of the 
hydro-therm al migmatites than that of the other migmatites. The 
geological occurrence and the chemical d ata m ust be the conclusive 
arguments. 

Carstens, who regards the "eyes" of the augen-gneisses as 
phenocrystals, thinks that the circum stance that they partly are very 
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rich in inclusions is due to the fact that the eyes have not holo
crystalline shapes. He seems to think that the inclusions impede in 
some way the crystallization of the feldspar. 

On this point Car�tens mainly builds on certain statements which 
he cites from Sederholm regarding the Finlandish rapakivis, in which 
Sederholm finds that the inclusions act in such a manner. I do not 
however think that the scattered inclusions found in the augen-gneiss 
porphyroblasts had any great influence on the outer form of the 
"eye". When we compare the inclusions of the feldspar porphyroblasts 
with the far more frequent inclusions in other minerals, it seems 
improbable that the inclusions have had such an effect on the crystal 
habit. Eskola (op. cit.) mentions inclusions in chloritoid and Th. Vogt 
(op. cit.) shows that inclusions in the muscovite porphyroblasts in 
the Gula schists are arranging themselves parallel to the most sparely 
filled planes of the space lattice, without affecting the outer form of 
the porphyroblasts. 

I think it far more reasonable that the outer form of the 
porphyroblasts is caused by the difference in pressure on the different 
directions of the crystal. Further, I think that the included plagioclase 
nuclei are of nearly the same age as the rest of the porphyroblast. 
The inclusions seem to have crystallized from the same aqeuous 
solution as the microcline. This is however not the case with the 
ore-grains which may be found as inclusions, mostly in the plagioclase 
cloak of the porphyroblasts. These ore-grains are presumably older 
grains belonging to the pre-metasomatic rock. It is clearly seen that 
they are not in equilibrium with the surrounding mineral. The ore 
grains have reacted with the oligoclase, and formed a corona of 
hornblende. From this corona long biotite crystals shoot out as still 
y ounger formations (pl. VIII, fig. l). This is due to in vading potassium 
solutions, which have reacted with the hornblende, forming biotite and 
liberating the corresponding amount of lime. This is just the same as 
is found in the biotite-hornblende aggregates of the ground mass. 

Backlund is of opinion that the rim-zone of oligoclase found in 
the rapakivi granites, is older pre-existing plagioclase material which 
is pushed aside during the crystallization of the potassium feldspar. 
It is possible that this is the case with the Finlandish rapakivis, 
although it is not in good harmony with the fact that the cloak is 
surrounding the microcline in a very regular way . In the Finlandish 
and Swedish rapakivis, the plagioclase cloak surrounds the potassium 
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feldspar without any corrosion phenomena worth mentioning. This 
may be taken to mean that the plagioclase was precipitated first and 
pushed aside by the growing potassium feldspar. The potassium 
feldspar has in this case crystallized from a solution which is saturated 
in respect to plagioclase. This is quite analogous to the principle of 
the magmatic differentiation. 

In the case of the Opdal "rapakivis" and augen-gneisses, on 
the contrary, we find that the plagioclase cloak has to a great extent 
corroded the microcline core. Carstens (op. cit. ) shows drawings and 
photos of this. The same is to be se en on plate V I l, fig. l .  These corrosion 
phenomena consequently lead to the result that the plagioclase cloak 
is younger than the potash-feldspar. The inclusions of plagioclase in 
the porphyroblasts appear to be older than the microcline. Hence 
we have to deal with two generations of plagioclase of exactly the 
same composition. This composition has however not been constant 
all the time; the inclusions as well as the cloak are filled with zoisite 
needles. This points to a high degree of chemical and physical 
equilibrium. 

The inclusions are often remarkable in having only their cores 
filled with zoisite. The rim-zone is quite clear and free from 
saussuritization (pl. IX, fig. 2). The plagioclase material of the saus
suritized core has the same composition as the rim-zone, ca. IOOJo an. 
This gives us a good picture of the formation of the porphyroblast. 

We may assume that the porphyroblasts are formed in the 
following way: First norm all y zoned plagioclase with core of andesine 
and rim of albite crystallized. This plagioclase is later brought under 
thermo-dynamical condition where plagioclase of JO% anorthite content 
is stable. The parts of the crystals containing more than JOOJo an 
could not keep this in solid solution, but had to separate it in the 
form of zoisite. In the central parts of the crystal, much zoisite is 
present. As the amounts of anorthite decrease, less zoisite is formed. 
The peripheral parts of the plagioclase containing JOOfo or less of 
anorthite are able to hold the anorthite dissolved and remain clear. 
According to Eskola and co-workers this temperature may corre
spond to 300° C or less. 

As regards the plagioclase cloaks surrounding and partly penetrating 
the porphyroblast, they too, are to a certain extent saussuritized. 
Thus the rim of the porphyroblast als o has crystallized at a temperature 
higher than the minimum temperature. As already stated it seems 
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improbable that the plagioclase cloak represents older plagioclase 
that has been pushed aside by the growing porphyroblast. Often 
the rim-zone consists of only a single plagioclase individual. It is 
impossible therefore that the cloak is made up of older crystals, 
unless a complete recrystallization has occurred. In this case, how
ever, it is not likely that the plagioclase should be saussuritized. 
As regards the inclusions they seems to be haphazardly distributed 
in the microcline, without any relation to the crystallographic axes 
of the host. I think the most plausible explanation of these features 
is that, after the microcline had crystallized, a new wave of lime
alumina bearing solutions penetrated the rock. From this solution 
the plagioclase of the rim-zone crystallized on the porphyroblasts 
already present. This late Jime-bearing solution may be of different 
origin. Either fresh hydrothermal solutions have escaped from some 
crystallizing plutonite, or the whole augen-gneiss complex has been 
brought to a deeper stratum with higher tem perature, by some new 
foldings. None of these explanations are impossible. The inversely 
zoned plagioclase commonly found in the crystalline schists may 
perhaps often be due to such circumstances. In the Trondheim schists 
hornblende is the dominating dark mineral, hornblende being also 
found in the porphyroblast schists and in some augen-gneisses. In 
most augen-gneisses and the "rapakivis" the hornblende is changed 
in to biotite. By the transformation of horn blende in to biotite, considera ble 
amounts of lime and also in parts some alumina are liberated. It is 
likely that this lime and alumina have been redeposited in the plagioclase 
rim-zone. On plate VIII, fig. 2 a micro photo of newly formed biotite 
is shown. The biotite is growing on corroded hornblende. 

In this way the formation of the porphyroblasts as a whole is 
explained by the assumption of a continuous diaphtoresis and a 
simultaneous addition of alkali-bearing solutions. In this way the 
continuous transition between the hornblende-schists and the "rapakivi" 
granites is explained by one single process. 

I hold that the formation of the augen-gneisses is to be regarded 
as a post-Caledonian process. This does not exclude the possibility 
of later smaller movements. 

Plate V ph o to 2 shows a strongly fold ed augen-gneiss. It seems 
as if this rock has been exposed to very strong tectonic movements. 
A microscopic investigation of the porphyroblasts from such a rock 
shows however no signs of tectonisation. Even a porphyroblast of 
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a complete angular form is not mylonitized. A certain mosaic can 
however be seen. From this we arrive at the conclusion that the 
porphyroblast has actually grown in a folded rock. According to 
the law of !east resistance the porphyroblasts crystallize between 
the layers of the folded schist, following the structure of the rock. 
In folds that are formed by flexure and slip there may develop a 
space between the crest of the one fold and the bottom of the over
riding layer. This is easily illustrated by bending a pack of thin 
cards. As the feldspar porphyroblasts crystallize with an increase 
in volume, it is natura! that they crystallize in the folds. The 
straight parts of the rock give greater resistance and few and small 
porphyroblasts are growing at these places. 

It would seem rather peculiar that a rock containing the large 
and solid porphyroblasts should have been so strongly folded, while 
the Trondheim schists poor in porphyroblasts only rarely show curly 
structures. According to the law of competent folding- viz. that folds 
are wider and higher in the more competent layers than they are 
in thinner, less competent layers, we should expect the Trondheim 
schists to be the most folded rocks. 

From the assumption that the porphyroblasts are post-tectonic, 
a good explanation is given of this point. Not only from the dynamical 
point of view, but also from a chemical one, we may understand 
why the porphyroblasts have been especially strong in this strongly 
folded rock. First a strong folding promotes the saussuritization of 
the plagioclase, thus liberating alumina. Then the folding promotes 
the formation of muscovite from the potash feldspar according to 
the following equation. 

6 KA1Si80s + 2 H20 � ( = H)4K2AI6Si6020 + 2 K20 + 12  Si02• 

The molecular volume of muscovite, etc. is a little smaller than that 
of orthoclase +water. The differential stress is however of greater 
importance. 

The K20 thus liberated is squeezed out of the rock to other 
places where the pressure is lower. According to both these reactions, 
an alumina surplus is formed in the rock. When the pressure decreases 
after the foldings had ended, such a rock shows a distinct alkali 
affinity. The rock is therefore able to form feldspar by reaction with 
alkali solutions that may penetrate the rock. The feldspar thus formed 
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Fig. 8. Folded layers of flagstone and augen-gneiss. (From Holtedahl.) 

will crystallize at those places where the pressure is lowest, i. e. 
between the layers of the folded rock. 

Holtedahl shows in his paper a series of alternating layers of 
flagstone and augen-gneiss. The layers are strongly folded in such 
a way that a primary schistosity has nearly disappeared, and the 
secondary schistosity is setting through the flagstone and the augen
gneiss. Figure 8 is a reprint of Holtedahl's drawing. His interpretation 
is that the rock series was folded after the augen-gneiss bad formed. 
Such conclusions cannot, however, be drawn from the drawing. It 
is obvious that the layers in which the augen-gneiss is formed bad 
primary a composition different from that of the layers of unaltereed 
flagstone. Otherwise the porphyroblasts would not occur. Let us 
consider a rock series of alternating layers. Some of them are competent 
to react, others are incompetent. Jf these layers are folded and after
wards soaked in alkali-bearing solutions, the solution will pass through 
the incompetent layers without reacting; in the competent layers, 
however, a reaction will occur, and porphyroblasts of feldspar will 
form. Plate X fig. l (copy from Holtedahl's paper) strongly supports 
this opinion. In this case, the tongue of flagstone in the augen-gneiss 
seems to have bad the best possibilities of forming augen-gneiss. 
Owing to the incompetence of the flagstone for reaction this has 
not happened. 
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CONCLUSIONS 

From the circumstances described, we may regard the geology 
of the Opdal area in the following way: 

On the old sub-Cambrian peneplain, the sparagmitian polymict 
basal conglomerate (pl. X, fig. 2) as well as the sparagmite series were 
sedimented. In pre-Caledonian and syn-Caledonian time differentigneous 
rocks appeared. Partly basic plutonites of the opdalite-trondheimite 
series intruded, forming the great laccolith of Gråhø and the smaller 
phacoliths east of Blakhaugen and other places. Partly basic rocks 
of somewhat the same composition formed dikes in the basal 
gneisses and the flagstones. To a greater extent supracrustal rocks, 
Javas and tuffs formed. 

The relation between the Trondheim schists and the Cambrosilurian 
sediments of the Trondheim area, is still somewhat obscure. In 
the Vinster valley, which is the only place where I have seen the 
hornblende schists in connection with the sediments, the effusives 
are found in a stratigraphically deeper position. At Ålbu and Lønset, 
the Trondheim schists are found directly on the sparagmitian flag
stone without any Cambrian sediment between them. The boundary 
follows the same leve! for several km, and there is every reason to 
believe that the Trondheim schists represent original effusives, and 
that they are not intrusives. The extrusion therefore occurred before 
the sedimentation of the Silurian sediments at these p!aces. Cambrian 
sediments seem to be lacking. 

I would suggest that the denomination "eo-Caledonian" be applied 
to these Ordovician? rocks, so long as their age is not known with 
certainty; but it is clear that they represent Caledonian eruptives 
which were formed before the chief foldings occurred. The 
denomination "eo-Caledonian" refers to the tuffs and Javas belonging 
to the green rock series. Some of the early plutonites of the 
opdalite-trondheimite series may suitably be included under this 
denomination. 

The Caledonian movements caused great overthrusts in the 
southern part of the mapped area. Also in the districts north of 
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the river Driva such overthrusts are found, and they have here been 
investigated by O. Holtedahl. The Lønset anticline which takes up 
the greatest part of the mapped area, is to the north a rather normal 
anticline. In the southern parts, however, the movements resulting 
in an over-falding of the antictine in westerly direction. Thus the 
great overthrust resulted. This is of special interest, as in other parts 
of southern Norway the overthrusts show a gliding of the upper 
parts in a southerly or south-easterly direction compared to the under
lying strata. This seems to prove that the Opdal district Iies to the 
west of the central falding chain. 

Another point of interest is the Jack of an y distinct gliding pl ane; 
moreover the Archean rocks and their above-lying rocks have been 
deformed in the same manner, and the movements must have been 
an integral of differential slippings. The whole complex must have 
been under such a pressure during the period of falding that somewhat 
plastical flows were possible. On the other hand, several primary 
signs show that the rocks have mostly been above the migmatite 
frontier; although we must conclude that the Opdal area represents 
deep strata, if not the roots of the Caledonian mountain chain. 

There are many signs of a diaphtoretical metamorphism in the 
rocks from the area. This metamorphism is probably caused in late 
Caledonian time and after the movements have ended. I think it 
probable that the decrease in pressure during the denudation of the 
mountains gradually brought the rocks under conditions corresponding 
to lower temperatures and pressures. In this way the equilibrium 
between the minerals is obtained during a long chain of revers.ible 
reactions, and the mineral assemblage now found represents real 
equilibria. For instance, equilibria is found between zoisite and different 
plagioclases from almost pure albite to andesine. Because of this, 
a special chapter deals with the facies problem and it is concluded 
that the re exists a facies gro up ca lied "Saussurite facies" . This facies 
group represents the temperature pressure conditions where zoisite 
(epidote) is stable in connection with plagioclases of different 
composition. In this way the facies usually called "epidote-amphibolite 
facies" only represents the lowest part of the saussurite facies. We 
may say the "epidote-amphibolite facies" is not a real facies at all, 
but only a special instance of the saussurite facies. 

The analysis of the saussurite gabbro from Gråhø, is almost 
identical with that of the quartz-biotite norites from Gissenåsen. 
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The differences are on ly such as are to be expected, because of 
the Grå hø rock being saussuritized. The saussuritization and uralitization 
of the Opdal rocks may have occurred simultaneously with the 
crystallization of the rocks, as an auto-saussuritization. It seems 
more likely that it occurred simultaneously with the Caledonian 
movements which have caused the schistosity in the rocks. 

In post-tectonic time intrusions of alkali-bearing solutions caused 
porphyroblasts to grow in the gneissous, saussuritized hornblende
epidote schists. It should be noted that I do not consider the solutions 
which have penetrated the hornblende schists to be identical with 
the "ichor" in Sederholm's sense of the word. The solutions are 
rather to be regarded as hydrothermal water, escaping from the 
Caledonian igneous rocks, and parti y "transpiration" water from the 
metamorphosed potassium-bearing rocks. The latter is more similar 
to Sederholm's "ichor".  In the Opdal area no real anatexis has 
taken place. The processes have been very thorough m e t a s o ma t ism 
and r e p l a c e m e nt. In this point the alterations in the Opdal 
area differ from the formation of the augen-gneisses in the Kristian
sand area. Barth (op. cit.) writes "lnjections of a granitic pegmatite
magma gradually alter the amphibolites in to augen-gneisses." The 
chief difference between the migmatization of the two areas seems 
to be the temperature. The augen-gneisses of Baneheia near Kristian
sand are not so closely related to a folding of a mountain chain as 
are the Opdal rocks. The rocks from Baneheia, however, also appear 
to be post-orogenetic. 

I think that the intrusion of the small granites at Engan has 
occurred before the essential augen-gneiss metasomatism took place. 
If I understand Barth rightly, he considers that the formation of 
the pegmatite-granites at Kristiansand is simultaneous with the formation 
of the augen-gneisses. The age scheme of the rocks round the Lønset 
anticline seems to be: 

Youngest 

Post- � Hydrothermal veins 

t t . Granitisation, formation of the augen-gneisses, ec omc 
Intrusion of the small granites. 

S l Saussuritization and uralitization 

teci'o��c Silurian sediments in the Vinster valley 
Eo-tectonic intrusions and extrusions. 

etc. 
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Pre- { Sparagmite } eo-Cambrian 
tectonic Conglomerate (Polemict) 

Pegmatites 
Gneiss granites 
Augen-gneiss 

Oldest 

l Archean 

SAMMENDRAG 

METAM ORF OSE OG METAS OMAT OSE I OP DAL-FELTET 

Kartet på side 121 viser de forskjellige bergarters utbredelse innen 
Opdal-feltet. Det område som er blitt undersøkt i løpet av årene 1939-41 
blev tidligere regnet som grunnfjell. Undtatt herfra er de grove oie
gneiser, som dels har vært regnet for grunnfjell dels som kaledoniske 
eruptiver. Holtedahls og Barths arbeider i 1938 åpnet øinene for at en 
vesentlig del av bergartene innen "Romsdals grunnfjellsområde" i virkelig
heten er yngre, er kambriske og kambrosiluriske bergarter i meget sterkt 
omvandlet tilstand. l et tidligere arbeide (1941) har jeg behandlet de 
geologiske forhold ved den store Lønset-antiklinal som utgjør en vesentlig 
del av det område som er gjort til gjenstand for det foreliggende arbeide. 
Denne antiklinal er oppbygget av et basalt gneiskompleks av prekambrisk 
alder. På bunngneisene hviler med et basalkonglomerat eokambriske 
sedimenter i meget metamorf tilstand, over eokambrium kommer et 
kompleks av hornblendeskifre, hornblendebiotitskifre porfyroblastskifre 
og øiegneiser. Som intrusiver dels i dette skifer-gneiskompleks, dels 
i sparagmitskiferne og i bunngneisene finnes kaledonske bergarter til
hørende opdalit-trondheimit-stammen. Den viktigste av disse intrusiv
legemer er uten sammenlikning "Gråhø saussuritgabbro", som danner 
en mektig lakkolit i sparagmitskiferen. En finner her som resultat av 
magmatisk differensiasjon forskjellige bergarter fra noriter til adamelliter. 

Facies. 

Det viser seg, at en vesentlig del av bergartene innen Opdal-feltet 
ikke lar seg plasere i nogen av de facies-diagram, Eskola har stilt opp, 
til tross for at Opdal-bergartene sikkert befinner seg i fysisk og kjemisk 
likevekt. Det er derfor nødvendig å stille opp et nytt facies-skjema for 
disse bergarter. Det som skiller bergartene innen Opdal-feltet fra berg
artene innen Orijiirvi-området, som Eskola vesentlig bygger sin facies
inndeling på, er at Opdal-bergartene helt generelt fører epidot-clinozoizit 
ved siden av plagioklas. Dette gjelder så vel de sedimentære som de 
eruptive bergarter, og det vises i talrike tilfelle, at plagioklasens anortit
innhold ikke kan betraktes som et ustabilt relikt. Jeg har derfor valgt 
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å stille opp en facies-gruppe som jeg har kalt saussuritfacies. Saussurit
facies slutter seg nær til Beckes "floititfacies". Under saussuritfacies 
faller da alle bergarter som fører plagioklas og zoisit i likevekt. Da en 
av denne grunn ikke kan anvende de vanlige ACF-diagrammer, må en 
ty til en tilleggsbetegnelse, som er kalt anortitkvotienten. Denne anortit
kvotient er en brøk der telleren er den modative plagioklas av anortit
innhold, mens nevneren er den normative plagioklas av anortitinnhold. 
En får på denne måte en brøk, som kan variere fra O til l. En anortit
kvotient lik l betyr at bergarten befinner seg i amfibolitfacies. Når 
anortitkvotienten går mot O kommer en ned i grønskiferfacies, idet 
plagioklasen da går over til ren albit. En må ved beregning av verdiene 
ACF korrigere for plagioklasens innhold av anortit på samme måte som 
en korrigerer for albit og kalifeldspat. 

Det viktigste karakteristikum ved anortitkvotienten er telleren, som 
angir hvor meget anortit som kan inngå i plagioklasen ved de termo
dynamiske betingelser bergarten har vært utsatt for. Dette anortitinnhold 
er direkte avhengig av trykk og temperatur. Det viser at det må eksistere 
et stort PT-område, der plagioklasen stadig blir fattigere på anortit, idet 
det dannes zoisit og granat, glimmer eller hornblende. 

Muskovit, (disten, staurolit) granat, biotit, (klorit) antophyllit, horn
blende, kalkspat og zoisit er stabile mineraler i saussuritfacies, antakelig 
er også diopsid stabil i øvre del av saussuritfacies, i særlig kalkrike 
bergarter. En finner ofte i Opdal-bergartene. at hornblende omvandles 
til biotit som følge av inntrengende kalioppløsninger. 

I det hele er Opdal-feltet karakterisert ved en kraftig kali-metasomatose. 
Denne metasomatose er mest utpreget innen det bergartskompleks, som 
utgjøres av Trondheim-skifrene og de derav avledede bergarter, men en 
kan også spore kalimetasomatosen ved de andre bergarter. 

Det foreliggende arbeide behandler vesentlig de petrografiske problemer 
innen Opdal-feltet, idet det serlig er lagt vekt på de metasomatiske 
prosesser som har vært virksomme under bergartenes metamorfose. I et 
senere arbeide er det meningen å behandle Opdal-feltets strukturelle 
petrografi. 

Basalgneisene. 

De bergarter som betegnes med basalgneiser, og som danner bunn
gneis komplekset i Lønset-antiklinalen er for en stor del blitt behandlet 
i det tidligere arbeide (l 941), likesom Barth og Holtedahl ( 1938) har 
behandlet dem petrografisk. Stort sett kan en si, at bunngneiskomplekset 
består av to typer bergarter, nemlig øiegneiser og gneisgraniter. Under 
kartleggingen er disse bergarter ikke blitt særskilt avmerket. Bunngneisens 
øiegneiser skiller seg såvel i utseende som i petrografisk sammensetning 
fra de grovere øiegneiser som senere skal behandles. Felles for alle 
bergarter innen bunnkomplekset er, at de fører ofte store mengder zoisit 
ved siden av oligoklas. Som regel fører bergartene mikroklin i over
veiende mengde over oligoklas. De mørke mineraler er vesentlig biotit, 
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og en mengde ensartet grøn hornblende. Til dels har det funnet sted 
atskillig metamorf differensiasjon innen bunnkomplekset, således finner 
en veniter i traktene om Storhaugen og Gråhø. Av bunngneisene synes 
øiegneisene å være eldre enn gneisgranitene. Innen bunnkomplekset 
finnes en del mørke bergarter, som muligens er av prekambrisk alder, 
muligens yngre intrusiver. Foruten disse mer tvilsomme bergarter finner 
en innen bunnkomplekset sikre yngre intruderte bergarter som er nær 
knyttet til opdalit-trondheimit-stammen. Innen bunnkomplekset har en 
også en del aplit og pegmatitganger, som viser sterk kaledonsk påvirkning, 
og antakelig henger sammen med gneisgranitene. 

Hellesteinen. 

Under betegnelse hellestein sammenfattes de metamorfe sparagmit
skifre selv om disse oftest ikke er utviklet som typiske heller. Tidligere 
har disse bergarter dels vært kalt granuliter (Barth og forf.) dels leptiter 
(Carstens). Bergartene finnes som lyse muskovitgneiser, dels med zoisit, 
dels uten. Klastiske korn finnes praktisk talt aldri, idet bergarten over
alt er nykrystallisert. Plagioklasens anortitinnhold veksler fra 0- 1 O Ofo 
i de østlige deler til 15-20 Ofo i de vestlige deler av området. Parallelt 
med økende anortitinnhold synker mengden av zoisit for å forsvinne 
helt ved et anortitinnhold i plagioklasen på l 0- 12 Ofo. Dette skyldes 
at utgangsmaterialet har vært meget fattig på kalk. Hellesteinen fører 
oftest meget store mengder muskovit, mens biotit bare sjelden opptrer 
og da i underordnede mengder. Til sine tider er hellesteinen utviklet 
som muskovit-øiegneis, men som regel er bergarten jevnkornet. Det 
basalkonglomerat som danner de undre opp til 50 m av helleserien er 
et polymikt konglomerat med opp til over hodestore boller av kvartsit 
og granit. Oftest er konglomeratet utpresset og deformert til det 
ugjenkjennelige, men på enkelte steder finner en det i relativt lite presset 
tilstand. Det kan synes rimelig å parallelisere dette konglomerat med 
sparagmitens tillitkonglomerat i nordre Østerdalen. 

Opdalit-trondheimit-stammens bergarter. : 

Innen det kartlagte område finnes flere større og mindre intrusiv
legemer tilhørende opdalit-trondheimit-stammen. Det viktigste av disse 
finner en i Gråhø og Storhaugen, ellers har en en rekke mindre partier 
i traktene østenom Blakhaugen ved Engan. Disse mindre intrusiver 
finnes mest som fakoliter i de metamorfe Trondheim-skifre, mens Gråhø
massivet danner en stor lakkolit i hellesteinen. 

Sedvanlig finner en bare de mest basiske led av opdalit-trondheimit
stammen, mens de surere led enten helt mangler, eller bare finnes som 
små apofyser i sidesteinen, eller som i Gråhø-massivet der de danner 
en surere randsone. De bergarter en her finner viser en meget stor 
likhet med bergartene innen Opdai-Inset-massivet. Således består den 
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vesentlige del av Gråhø av saussuritisert, kvartsbiotitnorit, som i sin 
kjemiske sammensetning er nær identisk med kvartsbiotitnoriten fra 
Gissenåsen. For øvrig synes hyperstenglimmerdioriter å være temmelig 
alminnelige bergarter både ved Gråhø og i de mindre fakoliter. De 
sure derivater er mer kalibetonet innen det kartlagte område enn det 
ellers pleier være tilfelle hos trondheimit-stammen. Således finner en 
adamelliter i stedet for trondheimiter. Bergartene innen de kartlagte 
områder er alle saussuritisert og uralitisert. En finner også at de basiske 
intrusiver har reagert med sidesteinen, og dannet hybride gneiser. Herved 
skiller disse bergarter seg fra Opdal-lnset-bergartene, som oftest er 
friske og uomvandlede, og ikke i nevneverdig grad har reagert med 
sidesteinen, men derimot tydelig kontaktomvandlet denne. Forskjellig
hetene må skyldes, at bergatene ved Gråhø under den kaledoniske foldings 
tid har befunnet seg på et betydelig større dyp enn loset-massivet. 

Trondheim-skiferne. 

Under betegnelsen Trondheim-skifer sammenfattes de for det meste 
femisk betonete skifrige bergarter som finnes over helleserien. Det dreier 
seg for det meste om vulkanske bergarter, iblandet mere og mindre 
sedimentært materiale. Trondheim-skiferne innen Opdal-feltet er alltid 
meget sterkt metamorft omvandlet, til dels har det også foregått atskillig 
metasomatose, noget som blandt annet har resultert i dannelsen av de 
såkalte porfyroblast-skifre. I enkelte tilfelle finner en imidlertid også 
bergarter der atskillige primære trekk er bevart. Det beste eksempel 
på dette finner en ved gården Tilset vest for Lønset, der en har berg
arter som i håndstykke virker som fullstendig friske porfyriter. Ved 
en mikroskopisk undersøkelse finner en imidlertid at "porfyritens" 
plagioklaslister i virkeligheten består av et aggregat av oligoklas, zoisit 
og granat. Disse plagioklaspseudomorfoser har fullstendig beholdt feno
krystallens form. De hviler i en meget finkornig grunnmasse som består 
av hornblende, zoisit, granat og sur plagioklas. I dette tilfelle har altså 
bergarten ikke vært utsatt for nogen nevneverdig metasomatose. Derimot 
diaftoretiske metamorfose tydelig. 

Langt hyppigere finner en imidlertid de metasomatisk omvandlede 
Trondheim-skifere. Den metasomatiske påvirkning har oftest resultert i 
dannelsen av porfyroblastskifere. Porfyroblastskiferne faller i to grupper, 
feldspatporfyroblastskiferne og glimmerporfyroblastskiferne. 

Feldspatporfyroblastskiferne danner alle overganger mellom de vanlige 
Trondheim-skifre og øiegneiser. En har således rekken: Hornblendeskifer, 
hornblendeskifer med oligoklasporfyroblaster, hornblendebiotitskifre med 
porfyroblaster av oligoklas og mikroklinøiegneiser, som dels kan ha 
rapakiviaktig utviklede øiner. Den annen type porfyroblastskifre, glimmer
porfyroblastskiferne opptrer langt sjeldnere enn feldspatporfyroblastskiferne, 
og er begrenset til de bergarter der utgangsmaterialet har vært særlig 
rikt på aluminium. Disse glimmerporfyroblastskifere er særlig interessante 
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derved, at de tydelig viser, at en vesentlig del av metasomatosen har 
foregått i post-tektonisk tid. Hos glimmerporfyroblastskiferne finner en 
nemlig meget ofte at muskovitporfyroblastene er fullstendig upåvirket 
av de kaledonske bevegelser, som har frambragt en sterk skifrighet i 

selve grunnmassen. Ofte danner muskovitens basisflate en vinkel opp 
til 30 o med skifrighets-planet. Glimmerporfyroblastskiferne ansees ikke 
å svare til nogen lavere facies enn feldspatporfyroblastskiferne og oie
gneisene. Forskjellen i utviklingsform beror bare på bergartenes for
skjellige kjemiske sammensetning. 

Sammen med disse Trondheim-skifre finner en på flere steder 
magnesiarike bergarter, vesentlig i form av talk-klorit-skifre og mer 
massive klebersteiner. Det framsettes som en formodning, at disse magnesia
rike bergarter kan være oppstått ved magnesia-metasomatose fra de vanlige 
Trondheim-skifre. Denne magnesia-metasomatose kan da tilskrives de 
magnesiaoppløsninger som er blitt frigjort ved at alkalioppløsninger har 
reagert med de gabbroide Trondheim-skifre, under dannelse av sur 
plagiokJas og kalifeldspat. 

Sammen med Trondheim-skiferne finner en flere små kopper
forekomster, og sammen med klebersteinene kan en til dels finne 
krom forekomster. 

Smågranitene. 

Nord for Engan jernbanestasjon finnes en del mindre granitpartier 
intrudert i øiegneisen. For det meste har disse granitpartier bare en 
utstrekning på få m2 opp til et par tusen m2• Granitene er imidlertid 
meget bemerkelsesverdige ved at de er fullstendig upressete, og tydelig 
post-kaledonske. Det er de eneste bergarter innen det kartlagte område 
som med sikkerhet kan fastslåes å være av kaledonsk alder. I sammen
heng med disse små graniter finner en talrike pegmatitganger, som 
også er fullstendig umetamorfe med åpne druserum og skarpkantete 
krystaller. Smågranitene utmerker seg foruten ved sin upressethet, også 
ved å være ekstremt fattige på mørke mineraler. De består nesten 
utelukkende av mikroklin, kvarts, albit og muskovit. Da de ofte er 
meget grovkornede er det rimelig å anta, at disse muskovitgraniter er 
krystallisert av meget vannrike magma, og at de egentlig er å regne for 
en art pegmatit-aplitiske dannelser. Det er ikke klart, til hvilken av 
fjellkjedens eruptivstammer disse graniter hører, men jeg anser det for 
rimeligst, at de representerer opdalit-trondheimit-stammens kalirike 
endeled. Granitene er som sagt meget jernfattige og titaninnholdet 
finnes vesentlig i form av titanit. 

De grove øiegneiser og "rapakivi-syeniter". 

En kan innen Opdal-feltet finne alle overganger fra porfyroblastskifre 
til øiegneiser og rapakivi-liknende bergarter. Disse bergarter har tidligere 
flere ganger vært behandlet av norske geologer. Forskjellige oppfatninger 
har vært framsatt om deres opprinnelse. 
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Øiegneisene finnes å ligge stratigrafisk under Trondheim-feltets 
siluriske skifre og kalksteiner, og over grunnfjellet og det eokambriske 
basalkonglomerat. Den detaljerte kartlegging av øiegneiskomplekset er 
ennu ikke avsluttet. De partier, som er behandlet i dette arbeide, er 
derfor begrenset til strøket fra Drivstua til Rise, og vest for Lønset
antiklinalen. Øiegneisene og de rapakivi-aktige bergarter har ellers meget 
stor utbredelse langs hele Trondheim-feltets vestrand. 

Innen det behandlede område finnes øiegneisene for det meste som 
uregelmessig begrensede soner i hornblendeskiferkomplekset. For en del 
finnes også øiegneisene som mektige horisonter i helleserien. Øiegneiser 
av liknende type finnes dessuten som en art reaksjonsrand rundt Gråhø
eruptivene. 

Den øiegneis, det dreier seg om, er en for det meste mørk bergart 
med nær upressede øiner opp til l O cm i tverrsnitt, og skiller seg tydelig 
fra øiegneisene innen Lønset-antiklinalens bunnkompleks. Øiegneisene 
kan veksle meget i sammensetning. I nogen bergarter har en bare få 
øiner i en grunnmasse, som nærmest er en biotitamfibolit. I andre kan 
øinenes anta! stige så sterkt, at mellommassen nesten forsvinner, og en 
får en granitisk bergart, der tynne mørke striper danner begrensningen 
mellom de enkelte øiner. Oftest har øiegneisene monzonitisk sammen
setning. En finner ofte, at øinene i øiegneisen er rapakiviaktig sonar
bygget, idet de har en kjerne av rødlig mikroklin, omgitt av grønhvit 
oligoklas-albit. Ofte består øinene av et enkelt feldspat-individ eller av 
to individer, som danner karlsbadertvilling. Øinene inneholder meget 
ofte inneslutninger av saussuritisert plagioklas. Til dels er disse plagioklas
inneslutninger sonarbygget, idet kjernen er meget rik på zoisit, mens 
randsonen ofte er helt fri for zoisit, til tross for at dette har hele 
plagioklaskornet ens utslukking. Dette tolkes på den måte, at plagioklas
kornet har innstillet seg på en likevekt svarende til de termodynamiske 
betingelser hvorunder øiet er dannet, idet de deler av det opprinnelige 
plagioklaskorn, som hadde anortitinnhold som var høiere enn det som 
tilsvarte anortitlikevekten under øiets dannelse, har kvittet seg med det 
overskytende anortit. Feldspatøinene er ofte mosaikkaktig oppsprukket, 
og sprekkene er fylt med en mørtel av kvarts og albit. De viser imidlertid 
aldri tegn på kraftig tektonisering, og alt tyder på at øiedannelsen har 
funnet sted i post-orogen tid. Den mosaikaktige oppsprekking kan skyldes, 
at det har funnet sted en betydelig volumutvidelse av hele bergart
komplekset under porfyroblastesen. 

Mellom-massen mellom øinene består oftest av biotit, hornblende, 
saussurit og granat. Denne mellom-masse er alltid sterkt forgneiset. 
Øie-dannelsen må derfor ha funnet sted i en på forhånd sterkt presset 
bergart. 

Nord for Drivstua finnes et par saussuritiserte labradorsteinganger 
som lagerganger i øiegneisen. Disse ganger antas å høre til de grønne 
effusivers stamme. 
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Om øiegneisens dannelse. 

En foreløpig avhandling over dette emne er trykt i dette tids
skrift 1941. 

Ut fra termodynamiske betraktninger over oppløseligheten av alkali, 
aluminium og silisium forbindelser, kommer en til at feldspats oppløselighet 
stiger med stigende trykk. Dette har som konsekvens at feldspat
porfyroblaster fortrinsvis vil dannes post-orogent . Dersom feldspat
porfyroblastene vokser i en på forhånd forgneiset bergart vil en ellipsoid
liknende form på porfyroblastene være det naturlige resultat, da oppløselig
heten på grunn av trykkforholdene vil være større loddrett på skifrigheten 
enn parallelt denne. Når en derfor i en øiegneis finner, at porfyroblastene 
har ellipsoidaktig form, behøver ikke dette bety at bergarten har vært 
presset etter 

·
at porfyroblastene er dannet. 

En kan ha to former for porfyroblastene. Enten kan feldspatøinene 
dannes på bekostning av annet tilstedeværende feldspat-materiale, nærmest 
som en art omkrystallisasjon, idet feldspat oppløses på de steder i bergarten, 
der trykket er størst, for igjen å avsetses der trykket er mindre. Den 
annen form for porfyroblastene, og det er den som har vært den viktigste 
innen Opdal-feltet, er den metasomatiske porfyroblastese. Ved metasomatisk 
porfyroblastese forståes en porfyroblasts dannelse, der materialet, som 
oppbygger porfyroblastene, enten helt eller delvis skriver seg fra inn
trengende vandige oppløsninger. Ved øiegneisdannelsen har de inntrengende 
oppløsninger vært betydelig rikere på alkali enn på aluminium. En finner 
derfor at øiedannelsen er begrenset til de bergarter som på forhånd har 
vært særlig rike på aluminium. En forutsetning for den metasomatiske 
øiegneisdannelse er at aluminium-alkali-forholdet er større enn l. Det 
vil si at utgangsbergarten enten må være anortitrik eller ha aluminium
overskot. Dette aluminium-overskot kan enten være primært eller skyldes 
metamorfose. Således finner en, at stress fremmer overgangen fra feldspat 
til muskovit. Herved frigjøres alkali som kan føres bort. Når en slik 
bergart kommer til ro, vil den oppvise et aluminium-overskot og der
med en alkali-trang. En har da mulighetene for en dannelse av øiegneiser. 
Slike øiegneiser finner en innen hellestein-serien, og det kan synes 
rimelig å sette disse øiegneiser i forbindelse med soner, der det har 
foregått særlig sterke bevegelser. 

Denne oppfatning av øiegneis-problemet slutter seg nær til Backlunds 
oppfatning av rapakivi-granitens dannelse. En har imidlertid en vesentlig 
forskjel i temperaturen, idet denne ved rapakivienes dannelse har ligget 
nær og til dels over det granitiske pseudo-eutektikum, mens den ved 
øiegneisenes dannelse har ligget vesentlig under. Øiegneisene langs 
Trondheim-feltets vestrand oppfattes følgelig som en art hydrotermal
migmatiter framkommet ved en til dels sonevis inntrenging av tynne 
vandige oppløsninger. Disse oppløsninger har reagert med de bergarter, 
som har hatt en kjemisk sammensetning egnet for reaksjon, mens de 
har passert gjennom andre bergarter uten å framkalle nogen øie-dannelse. 
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Foruten at de kjemiske forhold må være egnet, er det også nødvendig, 
at de dynamiske forhold er gunstige, da øiedannelsen fremmes av av
lastende trykk. 

Tabeller og et diagram viser utviklingen fra gabbroide bergarter til 
øiegneiser. Innen denne utviklingsserie stiger aluminium og alkali med 
stigende kiselsyre, mens kalsium, jern og magnesium avtar. Alkaliinnholdet 
stiger raskere enn aluminium. Kali-natron-forholdet øker sterkt med 
framskridende metasomatose. 

Det kan stilles opp følgende skjema for aldersrekkefølgen innen den 
kartlagte del av Opdal-feltet: 
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Grini Prison Camp, October 1942. 

APPENDIX 

On account of the unfortunate conditions under which the last part 
of this paper has been written, the author has not had the opportunity 
to follow the most recent literature in detail. It has moreover been very 
difficult to get the paper printed in proper time. Since the manuscript 
was delivered to the editor, some other papers and articles regarding 
similar conditions have appeared. In some instances my colleagues treat 
subjects dealt with in the present paper. It is of great interest to note, 
for instance, that the possibility of a simultaneous occurrence of epidote 
minerals and plagioclases has been treated by a number of Norwegian 
geologists. 

This may in part be due to private discussions we have had during 
the last few years. It is gratifying that the different facts and truths 
of this nature are gradually being recognized by the researchers. 

In his pa per " Et gneis-amfibolit-kompleks i grunnfjellet i Valdres", 
N. g. u. 159, 1943, Trygve Strand, takes up a fair ly thorough discussion 
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of the subject. He mentions associations of andesine and epidote, and 
also of zoisite and oligoclase. He suggests the name "zoisite-andesine 
amphibolite facies" used for rocks containing andesine in equilibrium 
with zoisite. As this mineral combination does not represent any limited 
PT precincts, but grades into the mineral assemblage, zoisite-labradorite 
on the one hand and zoisite-oligoclase on the other hand, the name will 
never be adopted. These mineral combinations as well as other combina
tions of epidote minerals in equilibrium with plagioclases may be represented 
by the saussurite facies. 

In his paper "Geological and Petrographical lnvestigations in the 
Kongsberg-Bamle Formation", N. g. u. 160, 1943, Jens Bugge also treats 
similar mineral combinations. He says: "The transformation of anorthite 
constituent into epidote is not bound to a fixed transition point, but to 
a transitional interval. Thus, if the metamorphism takes place within 
this inter-val, epidote will be stable together with plagioclase, whose 
anorthite content will be dependent on the PT conditions". As will be 
seen, this is in harmony with the opinion I try to prove in the chapter 
treating the facies problem. It is unfortunate that the present paper ci>uld 
not be printed before these authors finished their manuscripts as I think 
a closer collaboration might have been of importance to the authors. 

In his paper "Geologiske og petrografiske undersøkelser i området 
Tynset Femunden", N. g. u. 1 58, 1943, Per Holmsen mentions that the 
feldspars of the archean granites in this area are sometimes chessboard 
albite or the related patch albite. This is of great interest, as some of 
the granitic boulders in the polymict basal conglomerate of the Opdal 
area show exactly the same patch albite and also the chessboard albite. 
When I investigated these rocks l thought that the extraordinary albite 
was due to some kind of a caledonian potash metasomatism. It now 
seems more Iikely to me that the chessboard albite is an original feature 
and that the boulders in the eo-Cambrian polymict basal conglomerate 
may be deri ved from rocks closely related to the. archean granites dealt 
with by Holmsen. The distance between the two Iocalities is only about 
150 km and it seems likely that there is a connection between the 
rocks. The tillitic conglomerate which is found in the Tynset-Femund 
area seems to Iie in the same stratigraphical position as the polymict 
conglomerate of the Opdal area. And it seems possible that they represent 
the same stratum, thus giving further details in the study of the eo
Cambrian ice age. 

Grini, July 28th, 1943. 
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Ivan Th. Rosenqvist; Metamorphism and metasomatism. Plate I 

Fig. l. Horn blende schist (50 x) -- ni c. (photo j. Basberg). 

Fig. 2. Horn blende schist with oligoclase porphyroblast 50 x -ni c. In some instances 
the porphyroblasts includ es fragments of the ground mass (photo j. Basberg). 

Norsk geol. tidsskr. 22 



Ivan Th. Rosenqvist: Metamorphism and metasomatism. Plate Il 

Fig. l. Hornblende-plagioclase schist ca. 4.5 x. Note how the feldspar material fills 
space in the apex of fold. Compare plate V fig. 2 (photo J. Basberg). 

Fig. 2. Biotite-bearing porphyroblast schist ca. 4.5 x. The rock forms a transition 
between hornblende schist and augen-gneiss (photo J. Basberg). 
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Ivan Th. Rosenqvist: Metamorphism and metasomatism. Plate Ill 

Fig. l. Porphyroblast schist rich in biotite ca. 3 x (photo j. Basberg). 

Fig. 2. Augen-gneiss with small porphyroblast of rapakivi-like structure. The ground 
mass consists chiefly of biotite (photo J. Basberg). 
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Ivan Th. Rosenqvist: Metamorphism and metasomatism. Plate IV 

Fig. l. Mu,covite porphyroblast schist ca. 4.5 x (photo J.- Basberg). 

Fig. 2. Same rock 107 x - nic. Note the angle betwen the cleavage plane of 
the muscovite and the schistosity plane (photo J. Basberg). 
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Ivan Th. Rosenqvist: Metamorphism and metasomatism. Plate V 

Fig. l. Augen-gneiss Magalaupen by Rise nat. size (photo I. Th. R.). 

Fig. 2. Augen-gneiss Rise. The folded structure is pre-blastic. Compare plate Il, fig. l 

(photo O. Holtedahl). 
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Ivan Th. Rosenqvist: Metamorphism and metasomatism. Plate VI 

Fig. l. Remains of unaltered amphibolite in augen-gneiss from S. Gråhø 

(photo l. Th. R.). 

Fig. 2. "Rapakivi" Drivstua (copy from Carstens). 
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Ivan Th. Rosenqvist: Metamorphism and metasomatism. Plate V II 

Fig. l. "Eye" with rapakivi structure from augen-gneiss from Rise. Rimzone and 

inclusions consist of saussurite (photo j. Basberg). 

Fig. 2. Saussurite from the rimzone 50 x - nic. (photo J. Basberg). 
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Ivan Th. Rosenqvist: Metamorphism and metasomatism. Plate VIII 

Fig. l .  Ore grain in the porphyroblast. Surrounded by a corona of hornblende 

and biotite 50 x (photo j. Basberg). 

Fig. 2. Newly formed biotite. From augen-gneiss Rise 50 x - nic. 

(photo j. Bas berg). 
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Ivan Th. Rosenqvist: Metamorphism and metasomatism. Plate IX 

Fig. l. Zonar pla-gioclase inclusion in microcline-porphyroblast 50 x + nic. 

(photo j. Basbergl. 

Fig. 2. Homogenized plagioclase inclusions in microcline 107 x + nic. Note that 

the central parts of the inclusions are filled with zoisite. The plagioclase has a 

composition of 9 Ofo an. (photo J. Bas berg). 
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Ivan Th. Rosenqvist: Metamorphism and metasomatism. Plate X 

Fig. l. Sparagmite schist in augen-gneiss. Note that the flagstone shows no signs 
of porphyroblastesis. (From Holtedahls paper). 

Fig. 2. The basal conglomerate of the flagstone series, Flatbekken 

(photo J. Dons). 
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Ivan Th. Rosenqvist: Metamorphism and metasomatism. Plate XI 

Fig. l. Hornblendite E of Blakhaugen 50 x - nic. (photo j.  Basberg). 

Fig. 2. Saussurite gabbro from Gråhø 107 x - nic. The minerals are uralite with 

ilmenite, biotite, saussurite, and quartz (photo j. Basberg). 
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Ivan Th. Rosenqvist: Metamorphism and metasomatism. Plate X I I  

Fig l. "Porphyrite" W Tilset ca. 4.5 >< (photo J. Basberg). 

Fig. 2. "Piagioclase lath" from the same rock 107 x -- nic. (photo J. Basberg). 
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Ivan Th. Rosenqvist: Metamorphism and metasomatism. Plate XIII 

Fig. l. Adamellite from Gråhø 50 x + nic. (photo j. Basberg). 

Fig. 2. Saussurite diabase from Gråhø 50 x - nic. (photo J. Basberg). 
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