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Preface

My interest in the Tjérn area was first aroused in 1952 by Doctor P. H. Lundegardh
who pointed out how fascinating the geology was there. Since then I have been devoted
to the beautiful scenery of southern Bohuslin.
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I am indebted to Professor N. H. Magnusson, formerly Director of the Geological
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official survey program. The present Director, Mr K. A. Lindbergson, and the Editorial
Board of the Geological Survey have kindly accepted this thesis for publication.

Doctor W. Larsson has read the manuscript with great care and has suggested valuable
improvements.

The chemical analyses, performed by Mr A. Aaremie, and the trace-element analyses,
performed by Doctor S. Landergren, have been carried out at the laboratories of the
Geological Survey of Sweden.

Fil. mag. L. Samuelsson has most willingly helped me in many ways. He has made the
originals for the colour reproduction — a most tedious job. He has assisted in the field
for eight days and has mapped the breccia on Stora Buskir. He has also checked the
chemical computations.

Mr S. Dahlén has made the thin-sections and has performed the photographical
laboratory work with great skill.

Miss U. B. Johansson has typed the first and second editions of the manuscript.

Mrs. M. Jonsson has drawn the maps and sections.

Fil. mag. B. Karlsson and Mr Gordon Evans have together carefully gone through
and corrected the English of my manuscript.

Finally I want to thank my wife Irja for her great understanding and her encouraging
interest in my work. Without her help this thesis would never have been completed.

Financial support has been received from Anslaget for Ograduerade Forskare, Chal-
mers Tekniska Hogskolas Filtarbetsanslag, and Anna Ahrenbergs Stiftelse.

To all persons who have helped me in my work I want to extend my warmest thanks.

Geological Department,
Chalmers University of Technology,
Gothenburg
January 5th, 1963.
Lars Bergstrom
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Petrology of the Tjorn Area

An investigation of Archean sediments, their transformations and other
petrological features

ABSTRACT

A geological map is presented of the area studied. Low-metamorphic plagioclase-
dominated gneisses of sedimentary origin, with graded bedding, form together with
arkosic beds and amphibolites, the oldest rocks in the investigated area. Where these
sediments — due to folding — are vertical or nearly so, they have been subject to regional
metamorphism with partial anatexis and a secondary supply of potash feldspar. These
processes led to the formation of veined gneisses and migmatite. In an early phase of
migmatitization a plagioclase-dominated mobile granitoid was formed. This rock type
is now found as conformable beds (in sifu) or has brecciated the sediments. In a late
phase of the orogenesis, there was an intense potash metasomatism, especially where the
metasomatizing, ascending solutions were captured. In these positions the metasomatized
matter became mobile, and could brecciate adjacent brittle rocks. These processes pro-
duced beautiful breccias.

Within the area there is a norite body with anorthositic fragments. The norite is proved
to be intrusive and the anorthosite is derived from the same magma as the norite. A
secondary origin of the magma which formed these rocks is anticipated.

Fifteen new chemical analyses are published. Twelve mafic specimens have been
analysed on some of their trace-element contents. The results are given here.

The petrogenetical problems are emphasized.

CHAPTER 1

Introduction

The centre of the investigated area is 37 km NNW of Gothenburg (Fig. 1).
The bedrocks in this area are extremely well exposed as it is a borderland
between land and sea, where overburden, except in the valleys, is absent or
extremely scanty. Fig. 2 gives a general impression of the landscape. The high
degree of exposition makes the geological surveying very easy. Fig. 3 shows
the exposed bedrock which is indicated by a dark shadowing.

The bedrocks are exclusively pre-Cambrian. Schists, gneisses, and granitoids
have a wide distribution, while mafic rocks are of minor areal importance.
One exception is the norite on the islands of Brattén and Algén, which is briefly
treated in chapter 15. The geological map covers 190 square kilometres of land.
Since 1956 the author has spent 175 days mapping within the area. The area
covered per day was roughly 1 sq. km except when surveying the big islands of
Instén, Koon, and Marstrand and the mainland adjacent to these islands. Here
the mapping rate was 4 sq. km per day. These figures are presented in order to
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explain why there are fewer details within the rapidly mapped parts, but also in
order to give an idea of the amount of field work involved.

A geological map is one of the results of the field work, and is found at the
end of the book. It is referred to as “the map.” The names of localities dis-
cussed in this paper are only in exceptional cases found on the map. Instead the
localities are given a reference number on a simple grid system based on a
millimeter scale. The reader will find two scales along the margins of the map.
The west—east scale goes from 0 to 375 and the south—north scale goes from
500 to 930. Any point on the map can be located by means of two groups of
three figures each. For example the church of Klévedal in the north—western
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Fig. 3. Map of Tjérn and surroundings.
Exposed bedrock shadowed.

part of the map has a map reference of 135.845. All references to localities are
given in this way. In some cases, when exactness is not necessary, only four
figures are used.

On the map the contacts between different rock types are marked by con-
tinuous lines, as they are generally exposed and consequently there is no doubt
about their exact positions. A broken line indicates a gradational transition
between the two rock types on each side of the line.

The general lithological features can be seen at a glance. The eastern part of
the mapped area is built up of low- metamorphic supra-crustal rocks. Veined
gneisses and migmatites with amphibolitic inclusions are found on the western
side of Tjorn.

The central and the most eastern parts of Tjérn consist of granitoid rocks,
striking in direction NNE. The colours are strong when metamorphism and/or
mobility is high. For example: The granitoid rock found around point 16.68
is an authigenic rock. More or less the same rock is found around point 15.80
but here the rock is of an allogenic character due to its intrusive behaviour.
Thus these rock types are represented by the same colour but distinguished
by different intensities of the colour.

The investigated area lies within the Stora Le-Marstrand series. This series
mainly consists of sedimentary gneisses of varying composition and metamorphic
grade. They extend from south of Gothenburg to central Dalsland west of Lake
Vinern (Fig. 1). This series has been briefly described by Magnusson (1960 b).
Around Gothenburg the rocks belonging to the Stora Le-Marstrand series have
been investigated in detail by Lundegardh (1953 a, 1958). Previous work within
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the Tjorn area dates back to 1902, when Blomberg published a map with a
short description. Many of Blomberg’s observations as read in his field books
are excellent, but the map and the printed description hardly do justice to the
interesting bedrocks of the area.

South of the investigated area the sedimentary series dips steeply but within
the area the fine-grained gneisses together with amphibolite form a bow in
which dips are moderate. As seen on the map by the notations of strikes and
dips the fine-grained gneisses form an anticline in which there is a core of granitic
gneiss near Hoviksnds. Further south the gneisses form an other anticlinal
structure as seen from the strikes and dips on the islands of Katten and Lovon,
near Rortangen and on the islands of Inston and Koon.

Along the contacts between the fine-grained gneisses and granitic augen-
gneiss from Kuballe to Kallekdrr and further northwards the fine-grained
gneisses dip eastwards, thus lying over the granitic augen-gneiss. The gneisses
are, if continued upwards, supposed to form an anticline in which the granitic
augen-gneiss is situated. The western limb of the anticlinal fold consists of
migmatite which is seen along the line Kloévedal—Skiarhamn—Koholmen.
Here dips are very steep or vertical (cf. Fig. 53).

Two age determinations have been performed on the fine-grained gneisses
(mica schists) from the quarry at Tjuvkil 299.538. The determinations were
made according to the potassium 40/argon 40 method at the Laboratory for
Precambrian Geology in Leningrad, USSR. These age determinations are
published by Magnusson (1960 a). The specimens from Tjuvkil gave the ages
1 040 and 1 066 million years (op. cit., pp. 408, 424). The relative ages of the
rocks in the investigated area are indicated by the order in which they are
placed in the map legend. Further details on the relative ages are found in
following chapters. All rock units, however, are younger than the fine-grained
gneisses mentioned above. The granitoid rocks in central and eastern Tjorn are
younger too. These are found in anticlinal folds in the gneisses and the contacts
show that the granitoid rocks in their present state of metamorphism are younger
than the gneisses. This is not consistent with the map “Pre-Quaternary rocks of
Sweden” compiled by the Geological Survey of Sweden in 1957. On this map
these granitoid rocks are classified as pre-Gothian and the Stora Le-Marstrand
series as Gothian. On pages 410 and 411 in Magnusson’s paper on age deter-
minations of Swedish pre-Cambrian rocks, he says that the pre-Gothian rocks
have a slightly lower age than the Gothian rocks. To this remarkable fact Mag-
nusson comments, “The only possible explanation to the crowding of ages into
a narrow interval” (around 1000 m.y.) “seems to be the acceptance of a
regeneration in Dalslandian time in connection with the development of the
Bohus granites and their accompanying pegmatites” (p. 424).

These intricate problems do not come within the scope of this investigation,
but as there is a contradiction between the only modern geological map of this
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area and the results presented in the following chapters, the problem cannot
be completely neglected.

There is a striking petrographical similarity between the pre-Gothian rocks
east of Gothenburg (outside the Tjorn area) and the granitoid rocks on Tjorn.
This is the obvious reason for labelling the Tjérn granitoids “pre-Gothian®.
Pre-Gothian rocks from localities outside the investigated area gave ages ap-
proximately 1 001 m.y. (op. cit., p. 424). Specimens from the Stora Le-Mar-
strand series at Tjuvkil 299.538 gave the ages 1 066 and 1 040 m.y. Thus the
“pre-Gothian™ rocks are, as it would seem, slightly younger than the Stora Le-
Marstrand series.

This is in consistency with the results put forward in this paper. For this
reason the writer wants to abandon the name “pre-Gothian when alluding
to the granitoid rocks on Tjorn.

The following chapters treat the rock units in the order oldest to youngest.
Petrographical and chemical data on the rocks are given. The refractive indices
were determined in sodium light. The volumetrical determinations were per-
formed on a Leitz line-integrator. Anorthite contents of the plagioclases were
determined on the universal stage. Every chapter concludes, with a few excep-
tions, with a petrogenetical discussion. Fifteen new analyses as well as a number
of trace-element determinations are given. All photographs have been taken
by the author.

CHAPTER 2

Schists and fine-grained gneisses

As mentioned in the introduction schists compose the bedrock from the
north—eastern part of Tjorn continuing southwards over Valla, Kallekarr, and
Kuballe. Here their strike is turning more easterly with a bow over Lévon,
Rortangen, and Tjuvkil 299.539. The dip of the schists is nearly vertical in the
southern part of their extension, but nearly horizontal at Tjuvkil and Rértangen
and again nearly vertical on Lévén. On Tjérn they show a moderate easterly
dip near the central granitoid part of the island. The schists evidently roof
the granitoids. At Kuballe 20.68 there is a syncline. The axial plane of the
syncline can be traced in a northeastern direction in the central part of the
schist area. As seen on the map the schists dip westwards at the contact of the
granitic rock extending north and south of Héviksnds. Sections AAYL, BB!, and
CC, in Fig. 53, which are drawn nearly perpendicular to the strike show in
their eastern parts the fine-grained gneisses. The pattern of the schists in section
BB* and CC! is thought to be a compressed syncline.

The schists are light gray and fine-grained. They are often rather homogeneous
quartzo-feldspathic rocks, but there are parts that show a distinct foliation, due to
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Fig. 4. Banded sediments. St. Aggelds 31.61.

a higher percentage of micas. So for instance slabs of mica schists are quarried
for pavement purposes at Tjuvkil. The schistose gneisses often contain veinlets
of quartz. When surveying the area it became obvious to me that these fre-
quently occurring quartz veinlets should be distinguished from the veinlets
with quartz and feldspar which are found in the migmatite proper and in certain
well defined zones in the gneiss. An accumulation of quartz-feldspar veinlets is

Fig. 5. Graded bedding. St. Aggelos 31.61.
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Fig. 6. Shearing in micaceous beds. St. Aggelos 31.61.

to be found in a distinct zone extending in a north-northeastern direction from
point 24.78.

The quartz veinlets, that have a width of few millimetres, indicate a lower
degree of metamorphism than the veinlets of quartz and feldspar, as the former
are found in connection with the most fine-grained gneisses where also other
primary sedimentary characters are preserved. (See below.) The quartz-feldspar
veins on the other hand are only found where the gneisses are coarser.

At many localities in the investigated area there is an obvious parallelism
in the gneisses, due either to an alignment of the minerals constituting the gneiss
or to a bedding where beds which differ in mineralogical composition alternate.
Such a bedding is shown in Fig. 4 from the islet St. Aggelés 31.61. The thickness
of the beds varies from 3 to 25 cm. Each unit consists of a quartzitic and a
micaceous part with a gradational transition between the two. Each unit of
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two beds is distinctly separated from the adjacent unit by a sharp mineralogical
boundary (Fig. 5).

Thus the banded rock of the island St. Aggelds is interpreted as an example
of graded bedding. Another structural feature at first glance reminding of cross-
lamination is shown in Fig. 6. A more detailed study proves, however, that the
textures depend on differential movements which have-been released in the
most micaceous layers, while the more quartzitic parts have acted rigidly.

In the quarry at Kuballe 190.675 a bedding was found of identical appearance
as was observed on the islet mentioned above (Fig. 5). Here the gneisses are in
a nearly horizontal position. The quarry is situated in the right part of section
AA! (Fig. 53) near the contact to the granitoid rock. In each bipartite layer the
basal part is more quartzitic and grades upwards into a more micaceous part.
Bedding of this type is regarded as an excellent tool in order to determine the
direction of original verticality. Provided no extraordinary conditions con-
trolled the sedimentation, which caused these textures — and there are no
indications of this — the gneisses here have their correct position concerning
“up and down”. This fact is of great importance in the discussion about the
granitoid rocks in later chapters.

In the fine-grained schists sporadically white beds a few centimetres wide
occur. Under favourable conditions these beds can be followed up to 10 metres.
In the centre of the bed there can be some hornblende. These white beds mainly
consist of quartz and subordinate feldspar, with an average grain size of 0.1 mm.
In connection with the hornblende zone in the bed there is an enrichment of
such calciferous minerals as clinozoisite and titanite. The garnet occurring in
these beds has n = 1.782 and the unit-cell dimension 11.58 A indicating about
50 9, almandine, 25 9, grossular and 20 9, pyrope (Frietsch 1957, Sastri 1962).

Beds of this mineralogical composition are found in the quarries at Tjuvkil
295.538 and Kuballe 191.675, on the island of St. Aggelos 31.61, and sporadically
over the gneiss area on Tjoérn. It seems reasonable to assume that they really
are beds, since they can hardly have been formed by metasomatism alone,
though metasomatism has played an important role in the formation of their
present mineralogical composition.

The contacts between schists and medium-grained gneisses are gradational
and thus shown by broken lines, e. g. at 32.51. There is an increasing amount
of pegmatitic veins and a plastic deformation of the gneiss close to the migmatite
proper. The contacts between fine-grained gneisses and granitoids are sharp.

The petrography of the schists is rather simple. The grain size varies between
0.1 and 0.4 mm in parts where metamorphism is low. In the zone of the com-
pressed syncline (for instance at 28.84) the grain size reaches 0.5 to 1 mm. The
grain size was determined on micas and quartzes. Table 1 shows the mineralogical
composition of the gneisses from different localities.
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Table 1. Mineralogical composition of the fine-grained gneisses, % by vol.

Samp-| Quartz | Micro- Plagioclase Biotite | Musco- | Epidote |Acc.
le cline vite
1 27 32 16 25 - +
2 48 29 9 13 1 + +
3 39 10 38 12 + 1
4 43 14 8 -+ 24 10 1
5 37 17 34 9 - - 3
6 74 8 18 - - - -
7 33 19 29 15 4 + -+

An: 8—20 9%

1 = Kuballe, 2 = 700 m W of Valla church, 3 = Hakeniset (E of Djupvik), 4 = Varekils-
nds, 5> = 1 km S of Valla church, 6 = Bratton, 7 = Tjuvkil.

Mica schist proper where micas dominate over quartz was not observed
within the area investigated. In many cases feldspars dominate over both quartz
and micas. The composition varies between feldspathic quartzite and pelitic
schist.

Fig. 7 is a microphotograph of the gneiss at Valla 29.82. In the least meta-
morphosed parts the quartz is subrounded and shows slight to moderate un-
dulatory extinction. In some of the examined specimens the quartz shows com-
plicated sutured boundaries and is strongly undulatory. The extinction is also
extremely “wavy” in the lenticles and aggregates of flattened quartz, so char-
acteristic of the gneiss.

Potash feldspar seems in many of the investigated specimens to be of secondary
origin. It appears as irregular intergranular-fillings or in some specimens as
an integral part of the mineral constitution. In the former case none or very
few show any perthitic characteristics. This is the case, however, when the potash
feldspar forms a major part of the rock. Beautiful cross-hatched microclines are
found in the gneiss where the pegmatitic veins occur. Typical vein perthites are
common also in the coarser gneisses.

The plagioclase is generally clustered with sericite and subordinate epidote.
These secondary minerals make the determination of the anorthite content
difficult but it varies between 8 and 20 %,. Twinning of the plagioclase is not
frequent — when observed it is according to the Albite law.

Muscovite and biotite are found coexisting, but generally biotite seems to
dominate. The darkness of the gray colour of the gneiss is due to the amount of
biotite. In the light parts muscovite is the only mica. Two distinct types of biotite
are found in the low-metamorphic gneiss. One is brown and the other green.
Their refractive index, however, differs only slightly. The brown biotite has
n, = 1.648 and the green biotite n, = 1.646 indicating that they both are
lepidomelanes (Troger 1959, p. 79).

¥
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Fig. 7. Fine-grained gneiss. Svanvik 29.82. Ord. light. 25 Xx.

Among the minor constituents clinozoisite is the most important. In one of
the volumetrically analysed thin - sections clinozoisite constitutes 10 9, of the
volume. Epidote minerals are found in all investigated specimens of the gneiss.

On Brattén 33.58 and Algon 27.59 a spotted slate is sporadically found. The
spots are accumulations of pinite — in very few cases unaltered cordierite with
2V, = 64° and n, = 1.55,"n,—n_ = 0.009. The optical properties indicate
that the cordierite contains 25 9%, of iron-cordierite. Few, very small garnets
occur as a minor constituent in the gneiss.

Apatite is found as slender prisms in the gneiss. More interesting from a
genetical point of view, however, is the occurrence of tourmaline. The size of
the tourmaline grains does not diverge from the predominant grain size of the
rock where it occurs. Tourmalines of 0.05 to 0.3 mm may be observed. Tour-
maline is found in layers which do not show any other mineralogically or struc-
turally distinctive features. The tourmalines are mostly xenomorphic, but some-
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times they form ditrigonal prisms. Pleochroism is strong with O dark green and
E brownish. n, = 1.659. The tourmaline is a schorlite. Only the best preserved
fine~grained gneisses contain tourmaline, but in connection with the gneisses,
lens-shaped pegmatitic exudations are found to contain tourmalines with
cross-sections of up to 3 cm. These tourmalines have the same optical data as
those in the gneiss, thus indicating the same composition.

Three analyses have been performed on samples consisting of several frag-
ments of the fine-grained gneisses. In Table 2 there are also analyses of arkose,
graywacke, and of “delta”-sediment.

Table 2. Chemical composition of fine-grained gneisses in the Tjérn area and as comparison
compositions of arkose, graywacke, and “delta”-sediment

Locality 299.538 190.676 288.828 A B

% by weight

68.40
0.63
15.82
0.73
3.44
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0.11
1.42
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Niggli values

akii. 45.8 434 39.8 39.5 335 36.4
Jfm . 242 26.9 27.1 20.1 31.3 322
Dy 4.8 4.0 8.2 8.7 27 13.8
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A = average of 7 arkoses. B = one part of average C = average of 23 gray-
Pettijohn 1957, P. 324. sandstone - two parts wackes.
of average shale. Pettijohn 1957, p. 307.
Pettijohn 1949, p. 271.

The analysed samples from the Tjérn area show compositions between argillitic
and arkosic sediments — possibly nearer sediments of graywacke composition.
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DISCUSSION ON THE ORIGIN

As already stated the fine-grained gneisses are sedimentary. The occurrence
of graded bedding and skarny-quartzitic beds are proofs enough.

The mineralogical composition does not contradict a sedimentary origin.
In this connection the occurrence of tourmaline is of great interest.

In V. M. Goldschmidt’s Geochemistry (1954) Goldschmidt says (p. 288),
“The boron contents of marine argillaceous sediments account excellently
for the appearance of tourmaline in metamorphic rocks”.

Goldschmidt regards the new-crystallized tourmaline in schists and gneisses
as the accumulation of mobilized boron from the primary sediments. This
process is, according to the same author, possibly but not necessarily influenced
by magmatism. Recently Harder (1959) has shown that boron is markedly
enriched in marine argillitic sediments compared to limnic sediments. From
the Swedish bedrock Hjelmqvist (1938) described tourmaline in mica schists
and mica quartzites from the sedimentary Larsbo series in Central Sweden.
The tourmalines there quite well reflect their different mineralogical environ-
ment, the tourmalines of the mica schists being more ferruginous than those of
the mica quartzite. In the slates of Grythyttan in Central Sweden Sundius
(1923) reports sporadically occurring prisms of tourmaline (p. 43) but also
rounded fragments of tourmaline of varying optical character, indicating a
clastic nature. From the Muruhatten region in Northern Sweden Du Rietz
(1938) reports tourmaline in sedimentary mica schists. Lundegardh (1960)
also reports tourmaline, the boron of which is supposed to have originated
from synclinal sediments (p. 61).

These examples on the behaviour of boron in sediments and on the occurrence
of tourmaline in rocks of sedimentary origin can give a probable key for the
explanation of the genesis of the gneisses of the Tjérn area. The occurrence of
boron in tourmaline is a strong indication of the sedimentary marine origin of
the matter now forming the gneisses.

The chemical composition of the gneisses also points to a sedimentary origin.

The frequently occurring quartz veins in the fine-grained gneisses indicate
a low degree of metamorphism. These observations are in close consistency with
statements made by other workers in the metamorphic field. Korzhinsky (1950 b)
states that “silica is highly mobile in low-temperature processes, when quartz
veins and silicified rocks are readily formed” (p. 57). He also states that it seems
as if the solubility of silica in the high-temperature solutions is low, but that it
is increased with a drop of temperature (p. 57). In a paper on metamorphism
in impure feldspathic grits and sandstones Phemister et al. (1960) state that at
an early stage of metamorphism “quartz is extremely mobile and recrystallization
is active” (p. 357). The observations of De Sitter et al. (1960) concerning meta-
morphism in mountain chains are most interesting. They remark that on in-
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creasing metamorphism of primary slates the grain size increases and that the
exudation bands and lenses of quartz are frequent. According to the cited
authors quartz lenses and veinlets are signs of fairly low metamorphism. This is
in complete agreement with the observations in the Tjérn area.

According to Eskola’s facies rule the gneisses described above fall within the
epidote-amphibolite facies or “low-gneiss” facies as Rosenqvist (1952) prefers
to call it. The lower limit of this facies is lined up by the occurrence of plagio-
clase containing anorthite molecules (op. cit., p. 37), whereas the upper limit
of that facies is more difficult to define. The upper boundary, however, must
have been passed when pyroxene occurs. But Rosenqvist also proposes another
basis for a facies system, namely the perthites (p. 85). Fig. 8 gives his different
facies correlated to the different types of perthites. Rosenqvist’s nomenclature,
schist, low-gneiss, and high-gneiss facies, seems more convenient than the
classic one when applied to quartzo-feldspathic rocks such as those now dealt with.
Observations on differently metamorphosed parts of the gneisses confirm that

vein and film perthites occur.

CHAPTER 3
Pegmatitic-aplitic layers

Blomberg (1902) has previously observed the close genetical connection
between the pegmatites and the gray schists occurring near Marstrand (op. cit.,
p. 26). Pegmatite-aplites of this close connection to the fine-grained gneisses
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Fig. 9. Pegmatitic bed. Southern Algén 283.584.

are found on the islands of Katten 26.64, Lovon 32.63, Algon 27.59, and on
the adjacent mainland. On the map the size of the pegmatites is slightly ex-
aggerated. Fig. 9 shows the pegmatitic-aplitic bed on the central part of Algén.
This bed is 5—8 m thick and generally follows the plane of schistosity although
in details it can be cutting. As seen in the same figure it also contains thin con-
formable schist layers. Similar beds are frequently found in the gneisses in the
Lovon—Algon—Inston area but they are not so large that they have been
represented on the map. Such minor conformable pegmatites are found on
western Bratton (Fig. 68). There are two petrographical types of layers.
Though they have the same way of appearing, they differ in colour and in
mineralogy. One of the two types is represented by the figured pegmatite on
Algén and the other by those at e. g. Rortangen and on the island of Katten
26.64. The Algo type is light gray — the Rértangen type is pinkish white. The
differences in colour very well reflect their mineralogical compositions. The

Roértangen bed consists of 0.1 mm grains of microcline, porphyroblastic grains of
perthite, flattened undulatory quartz, muscovite flakes, and garnets. They have
a refractive index n = 1.781 and the unit-cell size a = 11.81 A corresponding
to a grossular-dominated garnet. The porphyroblastic microclines are sur-
rounded by a rim of small clear plagioclases indicating that the porphyroblasts
have pushed aside the small grains. But there are also indications of a formation
of the porphyroblasts in another way: they contain relicts of plagioclase with the
Albite twins orientated parallel to the perthite lamellae in the microclines.

The Algo type of pegmatitic beds is light gray and dominated by a plagio-
clase with 10—14 9, anorthite. The plagioclases occur as small grains (0.01 mm)
and larger porphyroblasts (1-—3 mm).

Frequently the twin lamellae of the plagioclases are bent and sometimes
broken, thus indicating a post-crystalline deformation. In addition to the small
plagioclases quartz and subordinate microcline, biotite and muscovite have been
observed. Accessory minerals have not been found.

It is believed that this bed is the less metamorphosed of the two types, and
that the first described Rortingen type is derived from the Algd type mainly
by potassium metasomatism. The Algé type is thus primary, compared to the
frequently occurring Rértingen type, which is secondary.
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The same type of plagioclase relicts as those found in the Roértangen beds
has been studied by Ljunggren (1954). He has treated the formation of albitic
lamellae in microclines (p. 62). He regards these lamellae as remnants of the
pre-existing plagioclases which were replaced by potash feldspar. The rebuilding
of plagioclase into microcline only needed potassium, which was incorporated
into the plagioclase lattice at the same time as calcium was removed. Ljung-
gren’s observations are consistent with those of Drescher-Kaden given in his
detailed work on myrmekites (1948). In geological writing there are many
observations on the replacement of plagioclase by microcline. Seitsaari (1951)
repeatedly points to this process in his work on the schists near Tampere in
Finland and regards it as an obvious fact (p. 17).

The constituents needed for transforming the anorthite component into
microcline are potassium and silica. As pointed out earlier in this paper Korzhin-
sky (1950 b) stresses the high mobility of silica in early stages of metamorphism,
but he also points to the complete mobility of potassium and sodium during
any metasomatic process. Like many other authors he regards potassium as
more mobile than sodium. During the conditions of metamorphism the following
reaction could have taken place in the pegmatitic beds of Rértangen:

K + Si + CaAlSi;0, — KAISi;O, + Ca + Al (1)

But because of the low mobility of calcium and aluminium these elements
were very soon captured in new lattices. The calcium expelled from the anorthite
component of the plagioclase is now found in the garnets. The excess of aluminium
was used in the formation of muscovite. The albite component was easily trans-
formed into potash feldspar by the simple substitution of sodium by potassium
according to formula (2).

K + NaAlSi;O, — KAISi;O4 + Na @)

Generally the beds of both Algd and Rértingen type are conformable to
the schists, but in minor details the material of the beds cuts the foliation of
the adjacent schists. This is due to tectonical movements traced in the de-
formed plagioclase twins mentioned above, and the general increase of the
foliation, the latter possibly caused by differential movements mainly parallel
to the schistosity. During this phase of tectonization conditions favoured local
mobilization, which caused transgressive contacts of the beds. The problem of
mobilization in connection with potassium metasomatism is treated in detail
in later chapters.

Other pegmatite types are found in the outer rim of the schist zone for in-
stance at the quarry of Tjuvkil 299.538. They are lens-shaped (width 20 cm
and length up to 2—3 m) but always conformable to the schists enclosing them.
They are medium- to fine-grained but there are also very coarse parts within
these pegmatitic lenses. Their mineralogical composition is: albite, quartz,
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muscovite, garnet, and tourmaline. Beryl and apatite are characteristic com-
ponents. These lenses are often enveloped by mantles of micas. The lenses show
a typical pinch-and-swell structure. Their colour is white with a pinkish tint.
As already mentioned in the treatment of the tourmaline occurring in the schists,
the tourmaline of the pegmatitic lenses is of the same composition as the tour-
malines in the schists. Tourmalines of 3 cm cross-section are found in the lenses.

Ramberg (1956) has treated the pinch-and-swell structures of pegmatites of
the same kind as those occurring at Tjuvkil. He regards the structure as being
formed by lateral expansion of the schists already containing a layer of solid
pegmatite (op. cit., p. 193). The lateral expansion caused a rupture of the for-
merly continuous layers giving them their present pinch-and-swell structure
which thus is a type of boudinage. My opinion is, however, that the lensoids
were formed before the complete solidification of the pegmatitic material,
because there are no signs of cataclasis among the minerals. Of course later
recrystallization could have veiled such a cataclasis.

We have now to consider the sources of the matter forming these pegmatites.
The mineralogical composition is very close to the composition of the sediments,
but there is a slight enrichment of boron and beryllium and a decrease in mafics
in the pegmatites. The enrichment of micas around the lenses and the occurrence
of tourmaline give implications on their genesis. About the enveloping micas:
Ljunggren (1957) has studied veined gneisses with their enrichment of biotite
close to the veins and shows by means of planimetric analyses that part of the
vein material was derived by expelling biotite and epidote (pp. 119, 121) from
certain layers in which plagioclases were transformed into microcline. Ljunggren
regards that there has been a secondary supply of feldspar. In the small lensoid
pegmatites of Tjuvkil there is no evidence of a similar potassium metasomatism.
Metamorphic differentiation with short-distance migration seems to have been
the only force active in their formation. There has been a migration of the most
mobile elements of the schists into parts with lower pressure. The locally oc-
curring patches of lower pressure have been caused by a dilatation of the schists,
and no doubt the present form of the lenses indicates the primary low-pressure
patches. The lenses at Tjuvkil are interpreted as dilatation pegmatites (cf.
Ramberg 1952, p. 252) which were synorogenic. Ramberg (1956) shows that
the lenses of pegmatites occurring in the regionally metamorphosed areas of
West Greenland were formed at PT conditions very similar to those charac-
terizing the metamorphism in the country rocks.

As mentioned above the pressure gradient was the main driving force causing
the migration of feldspathic material to the lenses found in the quarry at Tjuvkil.
Reitan (1960) points to the possibility of the formation of higher temperatures
along certain surfaces (friction heat) during movements in schists containing
pegmatitic lenses. Reitan thinks that this heat has played a role in the for-
mation of the pegmatitic lenses. In the present area similar processes
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are not believed to have had any great importance, and thus the facies of the
lenses is the same as that of the country rock.

CONCLUSIONS

From the presented data on the gneiss-schist formation it is clear that it is a
sedimentary formation with mainly pelitic-clayey-arkosic material. The sedi-
ments on the eastern part of Tjoérn are in their correct up-down position. Their
metamorphic state lies within the low-gneiss facies.

Occasionally there are plagioclase-dominated beds within the more argillitic
sediments. These beds were subject to a potassium metasomatism rebuilding
plagioclases into microclines and simultaneously forming muscovite and garnet.
On the island of Algén there is an arkosic bed not influenced by potassium
metasomatism.

Within the schists there are pegmatitic lenses carrying mainly quartz, plagio-
clase, and accessory tourmaline. These lenses are regarded as dilatation peg-
matites in the sense that Ramberg uses the term. They have mainly received
their matter by short-distance migration.

It should be noticed that no cutting pegmatites of major importance are
found within the gneiss area.

CHAPTER 4
Amphibolitic gneisses

Amphibolitic gneisses are distributed quite evenly over the investigated area.
Generally the amphibolite occurs as steeply dipping, thin discs being rather
extended in their direction of strike, as may be seen on the map e. g. around
Skirhamn 11.74. Vast areas of amphibolite-gneisses are found south of Hoviks-
nis 32.76 and on the islands of St. Dyrén 18.60 and Kirrson 22.62, Here, how-
ever, the amphibolite-gneisses are rather flat. The fact of their vast extension
is thus not explained by thicker beds, it is only a matter of how the strata of
amphibolite-gneisses are cut by the present surface. Field observations prove
that the amphibolite is folded in the same way as the schists. The amphibolite
has a distinct foliation (Fig. 10) which is conformable to the foliation of the
schists. That is observed in localities where the two rocks come into contact
with each other 212.872 and 30.75. On the southern part of St. Dyron a beautiful
isoclinal fold in the amphibolite may be observed.

Usually the amphibolite is rather homogeneous only containing minute
quartz veinlets. One can also find quartzo-feldspathic beds of up to 25 cm thickness
in the amphibolite. These beds are folded in the same way as the amphibolite.
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Fig. 10. Amphibolite. St. Dyrén 183.594. Ord. light. 30 x.

The foliation of the amphibolites is conformable to the planes of stratification.
These planes are indicated by quartzo-feldspathic interbeddings and by extensive
but thin layers of garnets in the amphibolite. Relict textures have not been
found, no doubt due to the intense recrystallization which has hidden the primary
textures. The recrystallization has caused a parallel alignment of the small
hornblende needles in the main direction of the fold axis. Simultaneously the
grain size increased. The amphibolites have a grain size from 0.1 mm in places
where the metamorphism is low (e. g. St. Dyrén) up to 2—3 mm in the amphi-
bolite lenses in the migmatite area on western Tjorn. On St. Dyrén where
generally the amphibolites are fine-grained, much coarser amphibolite is found
in the folds. Even if foliation is characteristic, the distinctness of the schistosity
varies considerably. Thus foliation is not so characteristic of the coarser amphi-
bolites.

The amphibolites have a very monotonous petrography. Hornblende is the
main mineral — generally more than 50 9, of the rock volume is hornblende
with the following optical properties: extinction c/z 15—20°, n_ = 1.657,
n, = 1.683. Pleochroism: X = light greenish; Z = bluish green; 2V_ abt. 85°.
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Mostly the hornblendes have the same grain size within a limited area, but
occasionally some hornblende crystals grow porphyroblastically and then con-
tain small non-undulatory quartz inclusions. There is no sign that hornblende
was secondarily formed from pyroxene.

Plagioclase is the most abundant mineral next to hornblende. It has compositions
between An;, and Ang;. The more anorthitic plagioclase shows distinct Albite
twinning but the more albitic plagioclase is often devoid of twinning. The albitic
plagioclase contains minute flakes of sericite. Clinozoisite is also abundant in
these amphibolites. The clinozoisite is no doubt secondarily formed.

Quartz is a minor constituent in the amphibolites. It occurs as small xenomor-
phic to slightly rounded grains. The quartz shows little or no undulatory ex-
tinction. Plagioclase and quartz together do not exceed 30—35 9, of the rock
volume. Quartz, plagioclase, and subordinate biotite also occur as distinct
layers within the amphibolite. The layers are regarded as interstratifications.
The conformable beds of the same composition and grain size as the surrounding
gneisses found iz the amphibolites, must be syngenetic with the amphibolitic
material.

Titanite frequently occurs. Apatite was observed, though not in abundance.

Garnet from an amphibolitic lens near Kyrkesund has been investigated.
The garnet hasn = 1.798 and a = 11.65 A which corresponds to an almandine-
spessartine- dominated garnet.

An indication of a retrogressive metamorphism is the change of hornblende
into brown biotite which was observed in some of the amphibolite inclusions
in the migmatite area.

A low content of potash feldspar penetrating the grain boundaries between
the light minerals is in some cases observed. This potassium metasomatism must
have taken place after the crystallization of the hornblende.

Ore grains are extremely rare, except in the amphibolites showing the reac-
tions hornblende — biotite. The ore seems to have been released during this
reaction. In a few cases a network of rutile was observed in the hornblende.
A chemical analysis was made on a representative sample of the amphibolite
of Bockholmen 115.645 (Table 3). The contents of V, Cr, Co, Ni, and Ti have
been determined on a sample from St. Dyrén (Table 4).

The results of these analyses give meagre hints on the genesis of the amphi-
bolite. As a comparison an analysis of a similar amphibolite from Eastern Sweden
is also given as well as an analysis of basalt. It is the average of 198 analyses.

The composition of the Bockholmen amphibolite is in accordance with the
analysis of the average basalt (Table 3).

The trace-element content (in p. p. m.) of the amphibolite on St. Dyrén is
given in Table 4. As a comparison trace-element analyses are given from other
localities in Western Sweden.
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Table 3. Chemical composition of amphibolite from the Tjorn area and as comparison
that of an amphibolite from Eastern Sweden and the average composition of basalt

Amphibolite
Bockholmen Amphibolite? Basalt®
115.645
% by weight
LB AR S Bl A ) 49.12 50.20 49.06
&4 DR R R S e e G4 0.96 0.84 1.36
IR o S s e T A 14.65 15.02 15.70
BRI s e e e 2.32 1.54 5.38
e DTS R S ot e TR e SR S 10.20 7:98 6.37
v 0 T T R e M R e e 0.22 0.08 0.31
MG oS e Rl e 7.54 8.22 6.17
s RN e SRR e ah The 10:35 9.43 8.95
L e A e R R T S s et 212 2.06 3.11
D R R R SN R e T G 0.80 2582 1.52
= LR e S R SV e 1.52 211 1.62
B e el 0.09 0.16 0.45
Niggli values

al 19.7 20.9 22,2
Sm 49.3 47.4 45.3
¢ 253 23.9 23.0
alk a7 7.8 95
st 112 119 118
k 0.19 0.40 0.24
t 1.6 1.4 2.4

1) Sundius 1938, p. 50. ?) Rankama-Sahama 1950, p. 159.

Table 4. Trace elements in amphibolite from the Tjorn area and from other amphibolites
in Western Sweden

| Contents in p.p.m. of

Locality !
£ V Cr Co Ni Ti
St Biyron A8060- % L0 S T i 76 63 36 5 400
Gottskar! Sl 10 40 50
SmdlTabergt ot SR 400 300 50 60
Varberg?® e st oser b D B0 440 900 308 30, 40 80,110 9 000, 14 400

1) Lundegéardh 1953, p. 55. 2) Hjelmqvist 1950, p. 48. 3) Quensel 1951, p. 331.

In the sample from St. Dyrén no ore grains were observed — thus the analysed
trace elements must exist in the mafic minerals of the amphibolite — mainly
in the hornblende lattice. The titanium content is rather high, but can be ex-
plained by the possible presence of minute submicroscopical rutile needles in
the hornblende.

DISCUSSION ON THE ORIGIN

The trace elements can perhaps give us a clue to the origin of the amphibolite,
but before discussing them we turn to the geological and petrological indications
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of the genesis, because these indications seem to be more conclusive of the genesis
than the chemical indications.

Lundegardh (1953 a) describes amphibolitic rocks found south of Gothen-
burg of similar appearance and mineralogy as those in the Tjérn area. Lunde-
gardh says that before the orogenesis, which gave the amphibolitic rocks their
present features, they “displayed concordant beds of basaltic lava, tuff and
tuffite” (p. 14). In a paper on the petrology of the Gothenburg—Kungilv
region Lundegardh later (1958) expresses the same ideas of the genesis of the
amphibolites occurring within the Stora Le-Marstrand series. Freely translated
Lundegardh says, “It seems probable that many of the banded metabasitic
rocks once were volcanic ash layers interstratified with arenitic and argillitic
sediments” (op. cit., p. 33). But before reaching this conclusion Lundegardh
admits that minor parts of these rocks could have had another origin (p. 31).
Possibly they formed dolomites and impure limestones before metamorphosis
(op. cit., p. 32) though he mainly restricts this genesis for the ultra-basic xenoliths
which are found in the migmatite.

From Merrimac, California, Hietanen (1951) describes amphibolites which,
in occurrence and general appearance, are very similar to those in the Tjorn
area except in one respect: the Merrimac amphibolites contain marble lenticles
(p. 576). Hietanen considers that “these amphibolites most likely represent
marly layers in the sedimentary strata” (p. 577). A similar mode of origin is
proposed by Hiarme (1954) on a similar carbonate-bearing amphibolite from
the Mustio area in Southern Finland. Harme has also described an amphibolite
interstratified by quartz-feldspar strata. In this amphibolite carbonatic minerals
are absent. Harme regards this rock as being of volcanic origin. They are volcanic
ash sediments deposited in water. The quartzo-feldspathic layers represent
weathering products deposited contemporaneously with the ashes (p. 37).

According to these examples, amphibolites may originate from calcareous
sediments and from tuffaceous beds — the most obvious origin from mafic sills
not being mentioned. The presence of carbonatic layers in the amphibolites
is conclusive for the origin. Intercalations of marble are not found in the area
but carbonatic sediments are not completely unknown in the Stora Le-Marstrand
series. Lundegardh (1958) reports the occurrence of marble within this series
in the northern part of its extension (p. 32). As mentioned earlier in this paper
the skarny layers on e. g. the island of St. Aggelos containing clinozoisite and
garnet, are believed to represent carbonate-rich strata in the generally sandy-
clayey sediments.

The amphibolites so frequently encountered within the Tjorn area are, how-
ever, not regarded as being primarily marly sediments. In accordance with Harme
(1954) and Lundegardh (1958) the amphibolites in the Tjorn area are believed
to represent volcanic ashes deposited in water. If the amphibolites are of vol-
canogeneous origin the similarity in composition to the basalt is to be expected
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(cf. Table 3) even if the amphibolites were volcanic ashes. The close similarity
between the analyses of the amphibolite and the average basalt shows that if
the amphibolites were ashes they have sedimented not far away from the place
of the volcanic outburst. Aeolic differentiation (Larsson 1935) has not been
active. The conformable quartzo-feldspathic strata observed in the amphibolites
represent sediments of the same kind as those described in earlier chapters. The
deposition in water is in agreement with the conclusions reached on the origin
of the gneisses.

Are these results confirmed by the trace-element determinations?

The amphibolite of Gottskir is of the same type as that of St. Dyrén. Lunde-
gardh (1953 a) has found that it is of volcanogeneous origin. Hjelmqvist (1950)
has found that the amphibolite of Smédlands Taberg is a metamorphic intrusive.
Quensel (1951) is of the same opinion concerning the analysed amphibolite
from Varberg. The analyses can therefore be divided into two groups — those
originating from volcanic ashes and those of intrusive-magmatic origin. In
the latter group magmatic differentiation has been active — certainly at Sma-
lands Taberg (Hjelmqvist 1950). A high content of chromium is characteristic
of these “magmatic” amphibolites as chromium, — according to Goldschmidt,
Rankama-Sahama, and others — is enriched in early differentiates. As seen in
Table 4 the chromium content of the St. Dyrén amphibolite is a fourth of that
in the amphibolites of Varberg and Smalands Taberg regarded as magmatic.

Extremely high chromium contents may possibly prove a magmatic origin,
but low or moderate chromium contents are not proofs of a non-magmatic
origin. Icelandic basalts are very low in chromium (Lundegardh 1949) but their
magmatic origin is beyond doubt.

CONCLUSIONS

Petrographical and chemical data give little information on the genesis of
the rather monotonous amphibolites, but geological data and the interstratifica-
tions give indications on their origin. It is regarded as most plausible that the
amphibolites are metamorphic derivatives of volcanic ashes of basaltic com-
position. It is not excluded that some of the amphibolites were true basaltic
beds.

CHAPTER 5

Hornblende porphyroblasts

On the islet of Bockholmen 117.645 two amphibolite bodies occur. The
northern one is, in parts, well exposed by a roadcutting. In the amphibolites
there are lensoid inclusions of a white, fine-grained, feldspar-quartzitic rock.
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These inclusions are interstratifications (as mentioned above p. 24) and their
lensoid shape is due to deformation. The deformation is a tension parallel to
the main planes of foliation (which coincide with the planes of sedimentation).
The tension caused boudinage of the more brittle rock units. When amphi-
bolites and felsic rocks are intermingled as here the latter are the more brittle
and are thus deformed. One of the felsic boudins is seen in Fig. 11. The domi-
nating grain size of plagioclase and quartz is 0.2—0.4 mm. Plagioclases with a
maximum content of 35 9, anorthite make up 60 %, of the rock volume. Un-
dulatory quartz with subrounded boundaries constitutes the rest except for a
small quantity of beautifully wedge-shaped titanite. The plagioclases are partly
secondarily altered and they contain sericite and clinozoisite. There seems to
be all gradations from extremely altered to completely fresh plagioclases.

The described type of felsic rock is by no means extreme neither in the area
nor as interstratifications in amphibolite. But the remarkable fact is the oc-
currence of up to 20 mm long and 5—8 mm broad laths of black hornblende,
Fig. 12. As seen in Fig. 11 there is a significant enrichment of the hornblende
crystals along two zones parallel to the borderlines of the felsic boudin. When
microscopically examined it becomes evident that the feldspar quartzite is
penetrated by zones of crushing following the foliation. The hornblende, which
megascopically looks like homogeneous crystals, is under the microscope proved
to be very heterogeneous. 50 9, of the apparent hornblende volume is, instead,
subrounded undulatory quartz and fresh plagioclase.

When hornblende and strongly altered plagioclase are in contact with each
other, hornblende seems to attack the plagioclase by using the direction of the
small sericite grains orientated parallel to the formerly existing plagioclase
lamellae as paths for the solutions carrying the replacing hornblende matter.

The observations related give a clue to the formation of the hornblende por-
phyroblasts in the feldspar quartzite: dilatational deformation — probably
of later age than the tensional deformation forming the felsic boudins — opened
cracks and crush zones mainly parallel to the planes of schistosity. These cracks
may, in some part, have affected the secondary alteration of the plagioclases.
They were also the paths of access for the solutions forming the secondary horn-
blende. Hornblende could only crystallize where plagioclase was completely
altered. Hornblende replaced some of these plagioclases and, as a secondary
effect, the quartz grains adjacent to the positions of replacement were enclosed
by the growing hornblende “skeleton™. It is presumed that the components
necessary for the formation of hornblende porphyroblasts were derived mainly
from the adjacent amphibolite beds but also from the secondarily altered plagio-
clases.

From the Mélndal—Styrs6—Vallda region south of Gothenburg Lundegirdh
(1953 a) describes quartzite-sandstones with penetrative columns of secondary
hornblende (op. cit., p. 22). Here Lundegardh writes, “... the formation of horn-
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Fig. 11. Feldspar-quartzitic boudin with secondary hornblende
porphyroblasts. Bockholmen 116.646.

g L

Fig. 12. Detail with hornblende porphyroblasts. Bockholmen 116.646.

|
|
|
:
|
blende has started from faces that are at the same time planes of stratification
and schistosity. The number of hornblende columns is still highest along these
faces. Furthermore, . . . the formation of hornblende is dependent on the presence
of basic volcanics in the close vicinity of the quartzite-sandstone rock. From the
volcanics, magnesium and iron have been introduced along the mutual planes
of stratification and schistosity. Metasomatic reactions have then taken place”

(pp. 22—23).
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An obvious similarity between the two secondary hornblende occurrences
described is that the secondarily introduced matter forming the hornblende
lattice is regarded to have used the existing planes of stratification (Lundegardh)
or destruction (as on Bockholmen) as access routes to its present position in the
hornblende porphyroblasts.

CHAPTER 6

Ultra-mafic rocks of peridotitic character

Within the area investigated three smaller bodies of maximum length 100 m
and a width of 25—40 m occur. Their composition is meta-peridotitic. Some-
times they have a more or less pronounced soapstone character. They all occur
within the eastern gneiss area. On the map they are marked PER. The small
meta-peridotitic body near the eastern map boundary at point 367.667 is well
exposed. The gneiss softly envelopes the dark green massive ultra-basite. The
surrounding gneiss shows evidence of plastic flow. The contacts between the
ultra-basite and the gneiss are conformable. At this locality, where contacts can
be studied very well, all observations indicate that the ultra-basite occurs as a
solitary xenolith in the gneiss. The ultra-basite on the island of Brattén cannot
contribute to the contact relationships as overburden makes contact observations
impossible. The massive hornblendite at 255.840 contains fragments of the gneiss
in its border zone. This hornblendite only consists of grammatite and its al-
teration products. The ultra-basic rocks show moderate schistosity near the con-
tacts to the gneisses but are devoid of schistosity in their cores. On Bratton the
ultra-basite is dark greenish gray on fresh surface — the weathered is rusty brown.
Grain size in the non-schistose central parts is 510 mm and the main mineral
is hornblende. In parts of the outcrop the rock is extremely tough and hard.
In other parts it has been used because of its soapstone character. There it is
soft and light gray. Grain size is 0.5—1 mm with remnants of 10 mm long dark
amphiboles in the light matrix.

The peridotite of Aréd 367.668 is, in places, of a dark greenish colour and
contains hornblende. The optical properties are: extinction c/x 21°, 2V = 84°
n, = 1.610, and n, = 1.633. These data agree with the optical characteristics
of grammatite — the calcium-magnesium-dominated member of the actinolitic
hornblendes. The hornblende crystals are 1-—4 mm in diameter. No preferred
orientation is observed. In other parts of the small ultra-basic body, strong
secondary alterations may be observed. The same type of hornblende as de-
scribed above is found as relicts in a mass of secondary minerals (Fig. 13). Among
these antigorite occurs in equal amounts as optically positive penninite. Calcite
and talc are found as minor constituents. Ore grains of magnetite and chromite
are scattered over the investigated thin-sections, though a slight tendency to
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Fig. 13. Mesh of antigorite, penninite, and talc in peridotite.
Arod 367.668. Nic. +. 25 .

collect in groups is observed. From Bratton Ljungner (1927) reports a coarse-
grained hornblende peridotite consisting mainly of colourless hornblende with
relicts of olivine. The olivines have 2V_= 85° and thus they correspond to
chrysolite with a fayalite content of 20 9,. The olivine is considerably altered;
the cracks are filled with ore grains and secondary silicates such as serpentine
and talc. The core of the peridotite lens on Brattén is monomineralic and of
the same hornblenditic composition as the lens at Aréd. The observations on
the peridotites indicate that, before the retrogressive metamorphism which is
specially observed in the marginal parts of the bodies, they contained olivine



32 LARS BERGSTROM

and hornblende which in part is uralitic. Retrogressive metamorphism is responsi-
ble for the present mineralogical composition. The successions of minerals are:

Olivine + Pyroxene and Hornblende — Serpentine + Chlorite —
— Talc + Carbonate.

DISCUSSION ON THE ORIGIN

The genesis of this type of rock is a matter of controversy. In his paper on
the composition and origin of soapstone, Wiik (1953) gives a review of the
different modes of soapstone formation. Though the peridotites in the present
area are not soapstones sensu stricto, Wiik’s investigation is still of great interest
and in part applicable to the small peridotites of the Tjorn area. As a first group
Wiik mentions soapstones formed by decarbonatization and silicification of
sedimentary, mainly dolomitic, rocks. The formation of talc from dolomite
necessitates the introduction of silica and water. If the reaction

Dolomite + Water -+ Silica — Grammatite -+ Calcite + Carbon dioxide

takes place, there is an increase in volume. According to Wiik the increase
amounts to 11.4 % (p. 34). This fact is of great importance in the coming dis-
cussion on the contact relationships.

The second main group of soapstones are those formed by secondary altera-
tions of ultra-basic igneous rocks. This reaction also needs silica, but, where
ultra-basic rocks are enclosed by schists, gneisses etc., the silica can be provided
from these rocks, and be metasomatically introduced into the ultra-basic rocks.
Even this reaction could be connected with an increase of volume (op. cit.,
p.4l).

Leaving the main problem of the genesis of the primary material aside, we
turn to the schistosity observed in the marginal zones of the peridotite lenses.
This schistosity is explained by the increase of volume which took place when
the secondary minerals were formed. As Wiik points out (op. cit., p. 41) the
schistose texture “seems to indicate that these soapstone bodies have not been
left unaffected by the tectonical events in the area.” Itis possible that continuous
tectonical movements opened access routes for silica and water. Those compo-
nents caused the serpentinization observed in the marginal zones especially on
the lens on northern Brattén. The observations prove the interdependence of
metamorphism and deformation.

In recent literature the formation of peridotites and serpentinites with talc
is, in several cases, attributed to metasomatic changes of impure calcite-dolomite
rocks (Mortensen 1945, Engel 1949, Sérensen 1955). These authors believe that
they have found proof for the metasomatic type of formation of peridotites and
serpentinites out of dolomites.

Sorensen (1955) suggests that the “the peridotites were formed in calcareous
and dolomitic sediments where these rocks were subjected to stress of a high
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order” (op. cit.,, p. 103). This seems to coincide with the observations on
peridotites along zones of strong dislocation (Hess 1955).

Rosenqvist (1946) was of the same opinion as Sérensen concerning the for-
mation of peridotites (GFF, vol. 68, p. 483). His opinion was strongly opposed
by Kolderup, Asklund, and Du Rietz (op. cit., pp. 482—484) who regard the
peridotites as magmatic formations.

In connection with the olivine-bearing peridotites it is also important to
observe the occurrence of olivine in carbonatic rocks. This is common textbook
knowledge (see Hurlbut 1959, p. 401) and is reported, among others, by Sérensen
(op. cit.,, p. 96). The olivine found as relicts in peridotites could be olivine
primarily formed in the same way as those observed in the sedimentary carbonatic
rocks.

The ideas of Avias (1949) concerning the peridotites and serpentinittes on New
Caledonia are briefly reviewed here. The primary rock is an andesitic lava with
a high content of glass. This glass, which is readily reacting, was the primary
rock out of which the peridotite-serpentinites were formed. The glass-containing
volcanite was subject to metasomatic processes (below 500° C) leading to a
concentration of mainly metallic ions — among which magnesium dominated.
Avias gives the following rather unconvincing scheme:

Cr

Mg Rocks of volcanic

Ni |+ origin interstratified =~ = Oreemstones | o g
Co J‘ by geosyncline sediments Serpentinites

e

Before touching upon the possible ways of formation of the ultra-basic rocks
investigated at Aréd and on the island of Bratton, the contents of some of the
trace elements are given here.

Table 5. Trace elements in peridotites

Contents in p.p.m. of
Locality v Cr Co Ni o i
Peridotite;  Brattn = w5 vc 130 4 000 130 1 300 1 500
Pendontte: Avbas 0 s L 110 3200 140 1200 1320
Dunite, Garaball Hill* eants 3 000 300 1 000

1) Nockolds and Mitchell 1948, p. 538.

As a comparison the contents of Cr, Co, and Ni in a dunite from Garaball
Hill are given. This dunite is interpreted as an early magmatic differentiation
product (Nockolds and Mitchell 1948, p. 533). The similarity in trace-element

3—-630230
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distribution tempts one to consider the ultra-basites of Aréd and Bratton as
similar formations. Disappointingly the author has not found any trace-element
analyses of peridotites which are interpreted as metasomatically changed dolo-
mites in previous studies. Concerning the ultra-basic rocks in the Tjorn area the
following ways of formation are possible:

1. Metasomatically changed dolomites might possibly give a mineral distribution as
that found in the investigated peridotites. The trace-element distribution would then
be explained as a metasomatic enrichment of elements which occur in the surrounding
sediments. The migration and accumulation of the elements — mainly the ferrides as
defined by Landergren 1948, p. 12 — could possibly have been caused by thermal and
chemical gradients. Tectonical forces could have influenced the formation, too.

2. Both mineral composition and trace-element content can also be explained by ortho-
dox magmatic interpretation, though geological data such as contact relationships and
general environment do not favour this interpretation. One exception, however, is the
hornblendite on Tjérn at 255.840 which due to the gneiss inclusions is regarded as mag-
matic, though the “swelling” during retrogressive metamorphism could have contributed
to the brecciation, too.

An evaluation of the different data does not give sure indications in any direc-
tion as to the genesis of the peridotite lenses. No relict interstratifications indi-
cating a sedimentary origin of the peridotite as carbonatic or other sedimentary
rocks are found in the ultra-basites, nor do the contacts provide arguments in
favour of a magmatic origin. Possibly the present bodies are boudins of a primary
sheet of magmatic origin, but there is no proof of this either. The author is of
the opinion that sufficient data, enabling a positive interpretation of the origin
of the peridotites in the area. do not yet exist and can hardly be provided from
these small and only partly exposed bodies.

However, retrogressive metamorphism is well documented in the peridotites.
The present mineralogical composition with mainly phyllosilicates indicates a
low facies, lower than the neighbouring gneisses. Differences in metamorphic
facies of peridotites and their enclosing bedrock may often be observed. Ser-
pentinites and soapstones often occur in rocks of low-or high-gneiss facies.
Foslie (1931) discusses this matter and suggests that this lower facies in the
meta-peridotites is due “to the special sensibility of the magnesian silicates to
changes of temperature and pressure, and their tendency to hydration. It might
be compared with an extended retrogressive metamorphism (diaphtoresis).
When diaphtoresis is not a universal phenomenon, the reason is that the velocities
of the readjustment reactions decrease very rapidly with the temperature, and
are generally induced only by the aid of violent tectonic movements. For the
magnesian silicates we must suppose, that this velocity has not decreased so
rapidly, but the readjustment could continue to lower temperatures than else-
where” (op. cit., p. 227).

In the case of the Brattén peridotite the readjustment has not reached the
point where olivine has completely disappeared.
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CHAPTER 7 _
The migmatite area on western Tjorn

As already pointed out in the introductory chapter, western Tjorn consists
mainly of migmatites. On the map that rock type has the same yellow colour as
the sedimentary schists and gneisses on eastern Tjérn. But the colour is more
saturated. The author’s opinion on the origin of the migmatite is that it is pri-
marily the same type of rock as that occurring in the gneiss area in the eastern
part of the mapped area, but more highly metamorphosed. For this reason the
colour on the map is the same but of a more intense shade, indicating the higher
degree of metamorphism.

FIELD RELATIONS

The migmatite, generally gray of different shades depending on varying con-
tents of mafic minerals, is met with west of a line Klovedal 15.85 — Bleket
12.65 and on the islands of Marstrand, Koon, and Instén near the southern
boundary of the map. The strike of the migmatite is mainly N to N 70° E. The
general trend of the dip is easterly, thus coinciding with the dip of the fine-
grained gneisses at their western boundary at e. g. Kallekiarr and Kuballe. The
dips in the migmatite area are, however, very steep.

The map shows the main constituents of the western area: Migmatite with
pegmatitic veins, amphibolite inclusions, and light gray granite. The two latter
groups give the key to the first type of rock. The amphibolite inclusions belong
to the paleosome — the gray granitoid rock constitutes part of the neosome, the
two together forming the migmatite. The close connection between the migmatite
and the sedimentary gneisses is obvious in the southeastern part of the in-
vestigated area where the gneisses show a gradational contact against the mig-
matite. The migmatite on western Tjorn and the migmatite found in the archi-
pelago west of Tjorn have no connection with the eastern gneiss area in the
present surface, but observations in the field suggest that the gneisses on the
eastern part of Tjorn have had a continuation westwards in an anticline. The
western limb of this anticline had an easterly dip and reached the present surface
mainly along the line Klévedal—Bleket. The observation of graded bedding in
a feldspar-quartzitic paleosome in the migmatite on a small islet 060.633 shows
that the present easterly dip in this locality is an inversion of the strata. This
observation is not conclusive, but in connection with observations concerning
the granitoid rocks in the central parts of Tjorn, it seems probable that the
gneisses and the migmatite formed an anticlinal fold (see Fig. 53).

The best preserved paleosome in the migmatite consists of extremely felsic
and mafic rocks. The intermediate types seem to offer the least resistance to
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Fig. 14. Amphibolite-gneiss penetrated by granitic matter. Hallsback 083.884.

migmatitization. As mentioned above quartzites occur in the migmatite. The
feldspar quartzite on Bockholmen is one of the paleosome types frequently
encountered. On the islands of Koén and Marstrand there are pure quartzite
lenses in the migmatite. The amphibolite, however, is the most spectacular
paleosome constitueht. The amphibolite within the migmatite does not differ
much from the same rock occupying large areas outside the migmatite. Such
an area is the island of St. Dyrén. The amphibolite inclusions in the migmatite

| Fig. 15. Veined gneiss. Arod 36.68.
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Fig. 16. Veined gneiss. Toften 122.678.

Fig. 17. Migmatite. Nordvik 102.725.
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Fig. 18. Pods of neosome in migmatite. Viks Odegarde 085.845.

are a little coarser than the amphibolites in the eastern part of the mapped area —
and very often the inclusions have a biotite-rich border zone. The inclusions of
amphibolite vary in size from a few centimetres up to several kilometres as on
the islands southwest of Skdrhamn. The amphibolite inclusions are often
boudinaged or strongly penetrated by felsic neosome, Fig. 14.

The intermediate rock types constitute the main bulk of the migmatite. Figs.
15 and 16 show veined gneisses with felsic neosome accumulating along the S-
surfaces of the metamorphic paleosome. Fig. 17 shows a more complex state
when the neosome and the paleosome are intermingled. Fig. 18 finally shows
pods of neosome without the close connection to the paleosome. In this case
the neosome has an augen texture. Around point 12.74 east of Skdrhamn the
migmatite has a nebulitic character and is, contrary to the rest of the migmatite,
pale red. At this locality there is a gradational transition between the nebulitic
migmatite and the more ordinary migmatite with easily distinguishable relicts.
The migmatite west and northwest of Klgvedal shows some interesting deviating
features compared to that east of Skirhamn. Here there are often sharp contacts
between the neosome and the paleosome. There are also gray, medium- and
even-grained, granitic dikes cutting and winding through the migmatite. The
amphibolitic inclusions are here extremely brecciated (Fig. 14). This is not the
case east of Skarhamn. These conditions are not easily visualized in a map on
this scale, but the difference between the two areas is anyhow seen in the presence
of granitic beds northwest of Klévedal.
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The brecciated amphibolite, the granitic dikes, and the neosome which now
occurs in secondary positions — all these features most easily can be explained
by postulating an intense tectonization in the northern area causing a re-deposi-
tion of the mobile components (neosome,anatexite) and a rupture of such
brittle components as the amphibolite. In the southern area conditions were
more calm, allowing the mobile and the less mobile components to remain
together thus forming the migmatite with nebulit icgneiss schlieren in a granitoid
matter. In many cases it is impossible to maintain the distinction between paleo-
some and neosome because of the feldspar metablasts, which in places constitute
30—40 9, of the rock volume. In the early stages of metablastesis it is still easy
to recognize the primary gneiss material, but in more advanced stages the
paleosome is gradually transformed into neosome, due to mobilization and for-
mation of feldspar metablasts. The early stages of this alteration can especially
well be studied between Klovedal and Hallsback 09.88. A general observation on
the metablasts is that they tend to become idiomorphic and that their long diago-
nal coincides with the plane of schistosity in the exposed section through the
crystal.

PETROGRAPHY OF THE MIGMATITES

The fine-grained relicts in the migmatite of identical appearance as the
eastern gneisses have also a mineralogical composition, identical to that of the
fine-grained gneisses. Volumetrical analyses of the fine-grained relicts gave:
Undulatory quartz 22—54 9, potash feldspar 0—10 9,, plagioclase (An 4o_3;)
20—40 9, biotite 10—25 9, muscovite, epidote, garnet a.o. From the volu-
metrical analyses it is clear that the most fine-grained inclusions (average grain
size 0.2 mm) in the migmatite are plagioclase-dominated. Those with the highest
plagioclase content are nearly devoid of potash feldspar.

When the grain size increases, the potash-feldspar content also increases.
This is still more obvious when the granitic-pegmatitic neosome is considered,
because in these rock types with a grain size exceeding | mm the potash-feld-
spar/plagioclase ratio is 5: 1 or higher. The plagioclases hold 25—37 9, anorthite;
the average value approximately 27—30 9%, anorthite. As seen by a comparison
with the gneisses, the anorthite contents of the plagioclases in the migmatites
are less schattered,

During the first stages of metamorphism leading to migmatite, the plagio-
clases seem to accumulate — first into aggregates of several crystals and as a
secondary effect these aggregates recrystallize into larger crystals adopting
hypidiomorphic or idiomorphic forms. They are seldom more than 10 mm in
cross-section. During this recrystallization some of the adjacent rounded quartz
grains have been incorporated in the plagioclases and are now found as rounded,
moderately undulatory inclusions. Phemister et. al. (1960) have remarked that
during plagioclase metablastesis grains of quartz and mica are incorporated,
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Fig. 19. Quartz relict in new-formed microcline. Klovedal 165.858. Nic. . 40 x.

and thus the plagioclase is poikiloblastic (p. 357). Other quartz grains were
forced aside and became strongly undulatory. The anorthite content of the
plagioclase metablasts is remarkably constant at 25—28 9, No zoning is
observed in the plagioclase metablasts. The largest metablasts are found in the
biotite-rich strata. They are enveloped by biotite, which is curved around the
feldspars. The long axis of the metablasts coincides with the plane of the schis-
tosity. Thin-sections do not give any information on how the transportation of
matter necessary for the formation of the metablasts has occurred, but it seems
that it has been very short.

The next stage in the evolution of the plagioclases is the formation of minute
sericite grains inside the crystals. Only exceptionally one can find sericite grains
at the boundaries of the plagioclase. There is a formation of very small amounts
of calcite inside the plagioclase as well. No epidote minerals seem to be formed
during the sericitization. The anorthite content drops down to 8—15 9, in
the sericitized plagioclases. The sericitization does not affect all the plagioclases.
In thin-sections some plagioclases are observed showing strong secondary altera-
tion, while others are completely unaltered.

Microcline is a minor constituent in the paleosome but in coarser parts of
the migmatite the amount of potash feldspar increases. The K-feldspars are, in
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Fig. 20. Myrmekite textures where potash feldspar replaces plagioclase. Klévedal 120.852.
Nic. 4. 130 x.

all the investigated rock types, the last crystallized mineral. They form irregular
penetrative blebs, and fill interstices and narrow veinlets. When coming into
contact with the plagioclase the aggressive character of the potash feldspar is
always evident. The K-feldspar penetrates and replaces the plagioclase. When
the process is not completed, remnants of plagioclase are found within the new
formed, cross-hatched microclines. An indication of this process is the formation
of myrmekite quartz in a border zone between the plagioclase and the potash
feldspar (Fig. 20).

The angle 2V has been determined in the interstitial and corrosive microcline
in the paleosome, and in the larger cross-hatched microclines in the neosome.
There is evidently a peak in the frequency of the 2V-values at about 85° (18 deter-
minations) in the interstitial, corroding microcline. In the neosome, nearly
devoid of plagioclase, the 2V-values in the microcline are slightly lower — the
medium value being 81° (10 determinations).

Biotite is the most important mafic mineral.

Garnet has n = 1.792 and a — 11.58 A. These data correspond to an alman-
dine—dominated garnet.

DISCUSSION ON THE ORIGIN

A general survey of the migmatite problem actually touches upon many
controversial problems of petrology. It is not the intention to treat all these
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problems. A brief survey of the questions raised by the migmatites is anyhow
necessary. In previous works on the Stora Le-Marstrand series both Lunde-
gardh (1953 b, p. 18 and 1958, p. 30) and Larsson (1956, p. 13) stress the plagio-
clase dominance in the veined gneisses (which correspond to the migmatites
in the present area). In the areas investigated by Lundegardh and Larsson,
there are no examples of plagioclase metablastesis such as those found on north-
western Tjorn, but still this phenomenon is well known in literature dealing
with other areas. In papers on Schwarzwald Mehnert (1940) and Hoenes (1948)
described plagioclase metablastesis and considered it to be a recrystallization
without an external supply of matter. In a later paper Mehnert (1957) suggests
that the transport length of the plagioclase matter which formed the blasts is
not more than decimetres or centimetres (op. cit.,, p. 51). In the same work
Mehnert mentions that the plagioclase porphyroblasts are bigger in the biotite-
rich layers, an observation identical with the behaviour of the plagioclase por-
phyroblasts on Tjorn. The fixation of metablasts in the tectonical S-surfaces,
with a preferred orientation, is commonly observed. Rosenqvist (1943) deals
with the formation of porphyroblasts in gneisses (op. cit., p. 171). He regards
the blasts as post-tectonic. When they grew in the tectonized rocks the resistance
against crystal growth was higher perpendicular to the schistosity and lower
parallel to it.

The plagioclase blastesis is also treated by Misch (1949). Sandy and silty
shales and fine-grained sandstones, comprising Mesozoic marine sediments in
Yunnan, China, contain closed “socks’ of granite. The strata which contain these
socks are undisturbed. The metasomatic processes which culminated in the
formation of granite were carefully followed by Misch. He found proof of a
metasomatic formation of metablasts of plagioclase, potash feldspar, and quartz.
The formation of plagioclase porphyroblasts needs an addition of sodium from
a source outside the sediments, because the normal, quartzose-argillaceous
sediments do not contain the necessary amount of sodium (op. cit.). Misch does
not consider trapped saline pore solutions as a possible source for the sodium
needed. This simple way of solving the sodium problem is (according to Mehnert
1959, p. 149) proposed by Shand 1943 and Gaertner 1951. Thus far we have been
confronted with two main ideas concerning the Na-sources: 1. The sodium
required for the plagioclase blastesis was introduced from outside (Misch) and
2. sodium was present in the primary sediments as trapped saline pore solutions
(Shand). Luckily our choice between these ideas is very simple due to the im-
portant work on experimental rock metamorphism done by Winkler and co-
workers (1958—62). They have metamorphosed quartzose-illitic clay together
with water under pressure conditions equivalent to a depth of 7—8 km and
temperatures up to 800°. By changing minor constituents different types of
anatectic melts were obtained. In one of the tests the NaCl-contents were changed
systematically between 1.8 and 3.2 9. It is of special interest to observe the




PETROLOGY OF THE TJ(")RN AREA IN WESTERN SWEDEN 43

excellent correlation between the primary NaCl-content in the test matter and
the albite content in the final metamorphic product (Winkler and v. Platen
1958, p. 99). In a recent paper Althaus and Winkler (1962) draw the geological
conclusions of the experimentally found data: there can be a change between
more or less albitic strata in a mica schist. The less albitic strata have been
more dehydrated than the more albitic. The albite content is thus proportional
to the captured amount of saline pore solutions in the primary sediment if acidity
is low (op. cit.,, p. 177). According to these authors there is no need for a
local supply of sodium from outside to the more albitic layers in the mica schist.
The investigations on the salinity of pore solutions performed by von Engel-
hardt (1961) confirm Winkler’s ideas. von Engelhardt shows that sodium is
enriched in arenitic beds whereas the argillitic beds are impoverished of it.

We now return to the bedrock of Tjérn. Previous chapters proved the gneisses
to be sedimentary (graded bedding) and marine (the boron content). These
facts and the experimental data briefly presented above allow us to conclude
tentatively that the sodium content in the plagioclases originates from captured
saline solutions. During earlier stages of metamorphism the plagioclases accu-
mulate and recrystallize as hypidiomorphic prophyroblasts, preferably in the
S-surfaces. The plagioclase metablastesis is regarded as a concentration of the
pre-existing plagioclase matter.

After the plagioclase blastesis a period of sericitization followed with a con-
comitant de-calcification of the plagioclases. Sericitization was caused by a minor
introduction of potassium (Marmo 1955). The introduced potassium sub-
stitutes the sodium in the albite component of the plagioclase and potash feld-
spar is formed. Some of the potash feldspar is immediately transformed to sericite.
But the new-formed K-feldspar can also react with the anorthite component
then forming zoisite and muscovite. If zoisite is not formed, the calcium is ex-
pelled and forms calcite or it is captured in minerals in the close vicinity of the
sericitized plagioclases. Such a new-formed mineral is the garnet frequently
met with in the migmatites where potash feldspars dominate.

The sericitization is a first sign of potassium metasomatism. But the most
conclusive signs of this metasomatism are the microcline in the interstices and
the microcline attacking the plagioclase. Plagioclase remnants are found within
the new-formed potash feldspar, indicating the secondary origin of the latter.
Similar observations are reported in great amount in recent investigations. Hoenes
(1941), in a paper on Schwarzwald, reported observations on how potash feld-
spars replace plagioclases. He says that the plagioclase “wird randlich ange-
fressen” (op. cit., p. 206). Further, he observes that the plagioclase shows ten-
dencies to be idiomorphic, whereas the potash feldspar, on the other hand, is
always xenomorphic. From this he concludes a secondary supply of the micro-
clines. In a paper on the schists of Tampere Seitsaari (1951) repeatedly stresses
the mobility of potassium and the metasomatic increase of the potash content
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during metamorphism. He also observes undeniable cases of potash feldspar
mainly replacing plagioclases. Simultaneously there was an increase of K and
Si and a decrease of Fe, Mg, and Ca (op. cit., p. 17).

Ljunggren (1954) has observed a similar supply of potassium from outside
causing a potash feldspathization (e. g. p. 97). The pre-existing plagioclases are
frequently attacked by the secondary K-feldspars. Similar observations on the
secondary supply of potash feldspar and its preference to corrode the plagio-
clases have been made on leptite rocks from Central Sweden by the present
author in 1959 (pp. 650, 666).

The examples given enable us to conclude that 1) potash feldspar is extremely
mobile, 2) the same feldspar is often replacing plagioclase. This phenomenon
seems to be extremely common. Still there remains the question whether the
potash feldspar is the result of a supply of matter from outside or a mobilization
of pre-existing feldspars. Some of the analyses on the fine-grained gneisses (p.
16) from the Tj6rn area show that their potassium content is low.

This favours the conclusions of an external source of the potassium. A general
field observation is that the mobility of the migmatite increases with the increase
of microcline and decrease of plagioclase.

TRANSVERSE GRANITIC DIKES WITHIN THE MIGMATITE

As mentioned above cross-cutting granitic dikes are frequent in the north-
western parts of Tjorn. Fig. 21 shows migmatite traversed by a gray, fine-grained
granite dike. These dikes are seldom more than 20 to 50 cm in width. They can
be followed up to 50 m in their winding paths through the migmatites. Two
petrographically different types of dikes have been discerned. Megascopically
they are very similar. One, however, is dominated by plagioclase, as for instance
the dike found on Bjérholmen 06.88. The other type, represented by a specimen
from a dike on the islet of Orskir (west of the area), has microcline as a major
constituent.

Table 6. Mineralogical composition of granitic dikes

Locality % by vol.
Quartz | Microcline Plagioclase | Biotite Musco- Accessories
vite
Bjorholmen . 29 3 51 (Any,) 11 5 1
Cskir . . 45 23 20 (An,) 3 9 —

In the Bjorholmen type quartz is strongly undulatory. In the dike from
Orskir the quartz only is slightly undulatory or non-undulatory. The potash
feldspar fills up the interstices and attacks the plagioclases in the Orskir dike.
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Fig. 21. Granitic dike in migmatite. Orskar.

A characteristic feature is the frequency of myrmekitic textures in this latter
dike type, indicating metasomatic reactions. The myrmekite seems to follow
the secondary introduction of the potash feldspar. Myrmekite does not occur
in the Bjorholmen type. Another difference is the presence of chlorite secondarily
formed from biotites in the Orskir type.

Transverse dikes in similar terrains are described by Lundegirdh (1958),
in his paper on the petrology of the Gothenburg—Kungilv region. The dikes
reported by Lundegiardh always contain microcline as an essential component,
though the potassium-sodium quotient varies. The reason for this is, according
to Lundegérdh, that the dikes were formed in an eatly stage when strong sodium
concentrations still could occur locally (p. 69). Lundegardh distinguishes three
types of dikes in the migmatites. They consist of: 1) mobilized gneiss, 2) granite,
3) pegmatite. The two first types are easily separated from each other inter alia
due to the higher content of microcline in the granite dikes compared to the
dikes composed of “mobilized gneiss”.
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The two types of dikes described from the Tjérn area indicate that the dif-
ference in mineralogical composition is secondary. The primary composition of
the dikes is very similar to the neighbouring gneisses, which also are plagioclase-
dominated. Microcline is secondary both in the transverse dikes and in the
gneisses transformed into migmatite.

The present author regards it as most probable that the dike matter is sensu
stricto an anatectic part of the gneisses. This anatectic part or anatexite is now
found in the narrow and irregular dikes in the migmatite. These dikes are found
in areas characterized by ruptural deformation. When deformation took place,
the most mobile part of the anatexite was squeezed into its present positions now
forming the dikes. This premises that the bedrock was brittle and would not
vield plastically to deformation. The present features of the bedrock in places
where gray granitic dikes are found, support this conclusion. In these areas the
bedrock was only subject to a plagioclase metablastesis, which is an initial stage
of metamorphism, while the bulk of the rock was still semi-solid (NW Tjorn).
Where the migmatite shows convincing features of once having been plastically
deformed, as for instance east of Skidrhamn, granitic dikes as those described
above are absent.

The northwestern part of Tjérn, where plagioclase porphyroblasts and
gray granitic dikes characterize the bedrock, possibly presents a metamorphism
at lower temperatures than areas where deformation was plastic and con-
sequently no granitic dikes were formed.

CHAPTER 8
Light gray granite

On the geological map the gray granite is shown brown. This type of “granite”
is found in two main types of occurrences. The first type forms conformable
beds in the gneisses and in the migmatite, with contacts against the latter
indicating a non-intrusive origin. This type is found in the southern part of
Hakenaset 30.75 and just outside the map area east of Rértingen and near
Arod 36.68. The second main type is clearly brecciating. It is found in the
southern part of Tjoérn and in the archipelago south of Karrsé 21.62. Here it
brecciates the amphibolite-gneisses.

Beside these two easily distinguished types there are also other occurrences
of gray “granite” for example in the central parts of Tjérn: near Stenkyrka
20.80, east of Kallekdarr 27.80, 29.80, on the small islands of Kauré 01.85 and
Skaboholmen 04.85. The gray granite in the migmatite is indicated on the map
by the small brown pegs. The granite occurring at these localities cannot be
classed as belonging to either of the two main types because here the granite
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shows features of both. It seems in some places to have been formed as an inte-
gral part of the surrounding gneisses, but in other places it has been mobile
with minor emplacements. In some cases the rocks show a rather strong foliation.
The microscopical investigation proved, in many cases, the rock to be a tonalite,
though all transitions from granitic to tonalitic compositions exist. The term
“granite” has been used in the map legend because the rocks treated under the
present title often show a massive texture, and seem to have a granitic com-
position.

After this brief presentation of the rocks concerned, we shall study the different
types in more detail and begin with the gray conformable beds in the gneisses as
they might give a clue to the origin of all the types.

The thickness of the conformable beds varies from a few cm up to an estimated
thickness of at least 35 m. Their colour is light gray. The grain size in the thin
conformable beds is 1-—2 mm. In the thicker beds the grain size increases to
3—5 mm and the texture becomes porphyritic due to the plagioclases which
generally are bigger than the other minerals in the rock. Biotite is always present
but in very different amounts. When foliation is present the biotite is orientated
parallel to the contact surfaces, but in many of the small gray beds no preferred
orientation was observed. Quartz is always found and garnet is not uncommon.
In some cases there is a marked enrichment of biotite in the schists on the contacts
to the conformable beds of gray granite. This enrichment of biotite does not
occur along all contacts against the gray beds, and its frequency does not seem
to depend on the thickness of the bed. For these reasons the conclusion is drawn
that the zones of biotite do not imply that all the matter forming the gray beds
was derived from the schists. (Compare the biotite enveloping the pegmatitic
lenses described earlier.) The dark zone of biotite can be caused by a minor
extraction of the light minerals from the schists. The gray granite/tonalite matter
cannot be entirely explained in this way — especially as the beds contain some
biotite, which is usually extremely immobile during such metamorphic condi-
tions as those ruling the metamorphism of the surrounding gneisses.

The mineralogical composition of the conformable beds has been deter-
mined. The following table gives the constituents in per cent by volume.

Table 7. Mineralogical composition of “light gray granite” in conformable beds

% by vol.
Sy Quartz Microcline | Plagioclase | Biotite Muscovite | Epidote
Garnet
ST 32 23 35 7 3 —
961535 48 18 10 17 6 1
287792 v o 35 13 39 9 3 1
303.748 - .. 22 1 67 3 3 4
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Concerning grain size there is a general trend: the plagioclases which
have the composition 12-35 9 An are generally two or three times the length of
quartz and biotite. Quartz is generally strongly undulatory except for rounded
inclusions of 0.1—0.2 mm in the plagioclases. Biotite is pleochroic in brown to
light brown and partly altered to a green biotite. The potash feldspar is secondary
and penetrates the interstices between other minerals. Plagioclase is strongly
sericitized. The gray tonalite bed on Hakendset shows an extremely high
proportion of plagioclase which, however, is not so surprising. When microcline
occurs, it replaces the plagioclase. Thus the sum of feldspars is important, and
this should be kept in mind when comparing the different volumetric analyses.

The volumetric analysis from 287.792 was performed on a specimen from
a 5 cm thick, conformable granitic layer in the fine-grained gneiss. This layer is
boudinaged, indicating that it is a deformed interstratification rather than a
granitic dike.

The photograph from Hakeniset (Fig. 22) shows fine-grained, dark, supra-
crustal inclusions in the gray, slightly foliated, tonalitic matter. All the inclusions
have the same dip and strike as the gneisses below and above the bed. The
Hakeniset bed shows no microscopical features indicating a magmatic origin,
such as idiomorphic and zoned plagioclases. The features in Fig. 22 could be
explained in three ways:

1. The light plagioclase rock was mobile and brecciated the supracrustal formation
during the emplacement. The emplacement took place very slowly during simultaneous
folding causing the very faint foliation in the tonalite.

2. The bed was formed metasomatically in situ and the fine-grained supracrustal frag-
ments are remnants of sediments which by some reason were more resistant to the
metasomatic processes.

3. The gray tonalitic matter represents material syngenetic with the sediments. This
matter has only been subject to slight metasomatism.

The present writer favours the last interpretation. The reasons for this will
be discussed in a later part of this chapter.

The gray beds in the migmatite area on western Tjorn, for instance at 10.89
and on the islands of Kauré and Skaboholmen, are petrographically very similar
to the bed described above. The ratio plagioclase: microcline is smaller than
in the rock already described, though the sum of the two feldspars is rather
constant around 35—50 9, by volume. This seems very important as the
microcline almost always replaces plagioclase. Another conclusive observation
is that these beds are always conformable to the adjacent gneisses.

The gray “granites” east of Kéllekarr are also conformable to the fine-grained
gneisses and schists. They contain fragments of gneisses and schists which are
slightly displaced and disturbed. Their main dip and strike. however, coincide
with the gneisses in the vicinity. Two volumetrical analyses have been performed
on the brecciating rock.
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Fig. 22. Beds of gray plagioclase granite with supracrustal remnants. Hakeniset 303.748.
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% by vol.
Tocality Quartz Microcline Plagioclase | Biotite Muscovite | Epidote
Titanite
270.778 30 1 65 (An,,) 3 1 —
275.804 29 4 61 (An,,) 3 e 1

Grain size is approximately 1—2 mm, the plagioclases being always the
biggest crystals. The plagioclases often contain rounded, non-undulatory quartz
inclusions. The quartz outside the plagioclases is strongly undulatory. Secondary
alteration has formed minute sericite flakes inside the plagioclases. Biotite has
been altered to penninite. Specimens from locality 270.778 have been analysed.

Table 9. Chemical composition of “light gray granite”

% by weight

Locality
$i0, | TiO, | ALO, | Fe,0, | Feo | Mgo | ca0 |Nayo | k.0
270.778 7092 | 024 ] 1680 ] o10]| 112] o6s| 288 s542| 1.8
Niggli values
ol == ALY, fin = 8, o= TAY, olf = 206 .55 =387, =013\ ~ 046

4—-630230
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Both microscopical and chemical investigations show that this rock has the
composition of a tonalite (cf. Johannsen 1952, II, pp. 378—386).

The analysis shows low iron content and remarkably high sodium content.
If the analysed rock is of sedimentary origin it must be a mobilized part of a
rapidly deposited clastic weathering product. The low iron content favours
such an interpretation.

The gray tonalite near Stenkyrka is very similar both to the Hakenis type
treated above and the brecciating tonalite from southern Tjorn and adjacent
islands described below. The tonalite near Stenkyrka contains frequent gneiss
fragments orientated parallel to the main direction of the strike, but there are
also strongly displaced fragments. Along the western contact there are several
amphibolite-gneiss fragments indicating that the amphibolites exposed from
Réra to 202.812 have had a continuation southwards to the strongly deformed
amphibolite at 20.76. The eastern contact between the tonalite and the pale
red augen-gneiss is gradational.

The mineralogical composition is identical to those given in Table 8. Plagio-
clase dominates and the subordinate microcline is secondary. The tonalite here
contains a garnet with n = 1.792 and a = 11.58 A corresponding to an alman-
dine-dominated garnet.

A chemical analysis was performed on a general sample of ten fragments
of this rock from locality 202.804

Table 10. Chemical composition of “light gray granite”

% by weight

Locality
SiO, | TiO, | ALLO; |Fe,O; | FeO | MnO | MgO | CaO | Na,O | K,O

202.804 68.80 | 0.48 14.96 | 0.94 437 0.06 108 [ L2 3.18 231

Niggli values
al = 39.9, fim = 23.4, ¢ = 13.0, alk = 23.6, si = 311, k = 0.40, & = 1.6

The brecciating gray “granite” at Rénning and adjacent islands is charac-
terized by its 2—3 mm long, rounded plagioclase phenocrysts in a dark matrix
consisting mainly of biotite, plagioclase, and quartz. The grain size of the matrix
is 1 mm or less. The amount of plagioclase phenocrysts varies — they can be
very frequent, thus giving the rock a light gray colour, or so sparse that the
rock is dark gray due to the high content of biotite. But also the texture varies.
The rock is partly massive with no megascopically observed mineral orientation
— or it can be strongly schistose. Inclusions are common in both the massive
and the schistose type. On the map only the biggest inclusions of amphibolite
are represented. The strongly penetrative force of the brecciating rock explains
the distribution of tonalite and amphibolite in the Kirrso—Risé archipelago,
as seen on the map. This can also be seen in a smaller scale: brecciating tonalite
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contains non-orientated fragments of the supra-crustal rocks especially near
point 17.63. The contacts against the fine-grained gneisses and schists at the
northeastern boundary of the tonalitic rock (near point 18.64) are, however,
conformable. Schistosity is not pronounced along this boundary, but very
marked along the northwestern boundary from Tjérnekalv to a point 1 km
SSW of Kuballe. The tonalite has occupied its present position synchronously
with the folding of the sediments. It seems more than a coincidence that this
obviously once mobile mass of tonalitic composition is found between the limbs
of an anticlinal fold formed by the fine-grained gneisses and the schists. The
dominating mineral of the “gray granite” is the plagioclase. The phenocrysts,
2—4 mm long, generally have an anorthite content of 20 %,. The plagioclase in
the matrix is generally more calcic with an anorthite content of 30 9,. The
phenocrysts always contain small clinozoisites (0.1 mm) showing very low inter-
ference colours, 2V, = 85° and extinction c/x = 3°—4°. Quartz is strongly
undulatory and has sutured boundaries. The biotite shows pleochroism in dark
brown to yellowish brown colours, but it is sometimes altered to a green biotite.
Pistacite is found together with the biotite. A volumetric determination of the
mineral composition gave the following result:

Table 11. Mineralogical composition of brecciating “light gray granite”

% by vol.
Locality
Quartz Microcline | Plagioclase Biotite | Epidote Acc.
228.603 19 6 50 18 6 1

Fig. 23 shows the plagioclase with its characteristic abundance of zoisite
inclusions.

LIGHT GRAY GRANITE IN THE MIGMATITE

Diffusely limited pods and streaks of gray granitic material are one of the
components of the migmatite. If sufficiently small specimens from the gray
granitic parts in the migmatite are compared with the types of tonalites described
above the similarity concerning grain size, texture, and mineralogy is obvious.
There is, however, one important exception: the gray granite in the migmatite
does not contain plagioclases with clinozoisites as does the brecciating tonalite
found on southern Tjorn.

DISCUSSION ON THE ORIGIN

Due to the strict conformity of the beds of plagioclase granite in the fine-
grained gneisses it seems very unlikely that they have been injected to their
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Fig. 23. Clinozoisite in plagioclase. Tonalite. Hattan 226.604. Ord. light. 30 x.

present positions particularly as the gneisses are nearly horizontal. Such an injec-
tion would necessitate a considerable lifting up of the gneisses which in earlier
chapters were proved to be of sedimentary origin. The close structural connec-
tion between the sediments and the beds implies an origin syngenetic with the
gneisses. The chemical analysis of the bed on Hakeniset, which is a good
example of the least altered beds, has an Na,O : K,O ratio of more than 4.5.
This figure is extreme, but still it is obvious that there is an excess of sodium in
all the plagioclase granites, unless there has been a secondary supply of potassium.
If a sedimentary origin is postulated, the high sodium content eliminates an
ordinary process of weathering and transportation of the break-down products
from a terrain consisting of magmatic or metamorphic rocks. The reason for
excluding this possibility is that sodium is commonly one of the earliest substances
lost in aqueous solutions. Consequently an unusual source of the rock waste
and/or an unusual type of disintegration are required to explain the high
Na,O : K,O ratio unless a secondary enrichment of sodium is anticipated. If,
however, disintegration is fast and transportation is short, and the primary
rock source of the products of the disintegration was a plagioclase granite or an
albitic schist, then the sediments formed would have been graywackes of, more
or less, the chemical composition given in the analyses above. The absence of
detrital rock fragments is no positive evidence of this rock type not being of a
graywacke type. (Compare Engel and Engel 1958 and Eskola 1932.) A similar
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rock type as that dealt with here is described by Hjelmqvist in his paper on the
Larsbo series (1938) in Central Sweden. Hjelmqvist postulates a detrital origin,
the mother rock being mafic (p. 24). However, re-deposited tuffaceous material
could also be a constituent in the oligoclase gneisses of the Larsbo series. The
present features of the granitic beds in the Tjorn area were determined during
the regional metamorphism. During this phase of the evolution the beds, con-
sisting of mafic detritus, were very sensitive to metamorphism. Recrystallization
easily took place and the primary features were destroyed.

The metamorphism would easily cause the rock matter of these beds to become
mobile and in minor details traversing. The small conformable, broken inter-
layers in the granite from Hakeniset (Fig. 22) are interstratifications of clayey
sediments in the beds of graywacke type. During increased PT-conditions the
graywacke beds were changed into their present form. Possibly there was an
increase of sodium during this metamorphism caused by the taking up of sodium
from the captured saline water in the beds of detrital matter. Orogenic move-
ments in connection with metamorphism caused the brittle sediments in the
graywackes to break, while the latter acted in a plastic or pasty manner. The
slight enrichment of biotite in the gneisses on the contacts to the beds which
is observed in some places, can be explained by a moderate exudation of the
light minerals from the gneisses into the plagioclase-rich beds, comparable to
the similar enrichment of biotite around the pegmatitic exudations treated in
chapter 2. In the latter case, however, this exudation process is of quite another
scale and is completely responsible for the light minerals in the pegmatites.

In consequence of the discussion above the beds are regarded to be para-
rocks. The tonalitic rock from Rénniing and adjacent islands form together with
the gneisses beautiful breccias which clearly indicate that they were formed
while the tonalite was in a mobile state. The tonalitic mass intruded into flexures
in the supra-crustal rocks and broke up the amphibolites. In a paper from 1953
Lundegardh assumes a similar plagioclase granite immediately south of
Gothenburg as generally being a magmatic rock (p. 42) though a very similar
rock “bears strong evidence of granitization in situ” (p. 42). The plagioclase
granite shows intrusive characteristics in some places and is thus regarded as
magmatic (p. 42). According to Lundegardh this plagioclase granite is certainly
secondary, formed by mobilization of the deeper parts of the downfolded sedi-
ments.

The present writer agrees fully with Lundegirdh concerning the formation
of the plagioclase-dominated granites. The scheme given by Lundegardh can
be applied to the plagioclase-rich rocks of the Tjérn area with only slight modifi-
cations. The most important one is that certain beds in the sediments were
more likely to change into their present plagioclase-dominated composition
because they were primarily composed of graywackes. This composition is also
responsible for the higher degree of mobility compared to that of the ordinary
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sediments. The higher mobility is responsible for the intrusive character of the
plagioclase rock in the Rénning—Ris6é region, where it is found between the
limbs of schists forming an anticlinal fold. The plagioclase granites east of Kalle-
karr 27.80 and 29.80 have only been moderately displaced. The “Stenkyrka
tonalite” was more vigorously displaced. This is concluded from the disorder
of the incorporated gneiss fragments. From the field obserations it is easy to
conclude that the emplacement was simultaneous with the folding of the sedi-
ments, and that the positions of the intrusions were determined by low pressure.
It seems certain that the plagioclase granite once occupied a greater mass than
at present. The reasons for supposing this are that the central gray granite
near Stenkyrka has a rather high content of potash feldspar. It is, however,
secondary and replaces the plagioclases. The contact at point 208.800 is also
gradational. There is a continuous increase in potash feldspars and a decrease
of plagioclases going over the contact zone from west to east. This contact
zone between the two rocks could have been formed by a transgressive potas-
sium front invading the plagioclase granite, and successively transforming it
into a potassium-dominated rock.

Concerning the gray granite in the migmatite, there are indications that this
granite has been formed by selective anatexis of the plagioclase-rich layers in
the gneisses. The experiments of Winkler and von Platen (1961 a) on anatectic
melting of graywackes prove that tonalites (or sometimes granodiorites) are the
final stages in anatectic alterations of previous graywackes. (Compare also the
dikes of gray granite traversing the migmatite treated in chapter 7.)

CONCLUDING REMARKS

The rock with the tentative name “gray granite” is shown to have a com-
position from tonalite or plagioclase granite to granite. The potash feldspars are
secondary. They are formed of plagioclases which have been converted into
microclines by potassium metasomatism. The tonalitic beds are mainly confor-
mable, and are believed primarily to have been graywacke beds in the ordinary,
more sandy-clayey sediments. Where thick graywacke beds were subject to
regional metamorphism they became plastic and could intrude into low-pressure
volumes during the folding of the sediments. Some brecciation of the sediments
took place. Later potassium metasomatism influenced the plagioclase-rich rock
in parts.

CHAPTER 9
Hornblende porphyrite

This kind of rock is found at three localities within the investigated area,
two near the southern boundary of the map: on the island of Nordon 27.51
and immediately southeast of the quarry at Tjuvkil 300.537. Certainly they
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Fig. 24. Tectonized uralite porphyrite. Stordal 210.825.

belong to the same bed of hornblende porphyrite. On Nordon, where dips are
very steep and exposures are excellent, it is easy to establish the concordant
relationships of the contacts vis-a-vis the schists and fine-grained gneisses. This
can also be observed in the quarry at Tjuvkil, though the dip of the gneisses
there is slight (15°) so that observations are not so easily performed. The
third occurrence of hornblende porphyrite is found in the central part of Tjérn
at Stordal 22.83. There the contacts are obscured by overburden except in the
southern part of the massive where the contacts are observed to be concordant.

On the map the Stordal hornblende porphyrite shows a typical phacolithic
cross-section. N. B. that the dips and strikes, both in the gneiss east of the horn-
blende porphyrite and in the amphibolite west of the massive, are concordant.
Also the observed lineations in the amphibolite support the conclusion, that the
hornblende porphyrite is forming a phacolith in a crest of an anticlinal fold.
But also the Nordén—Tjuvkil porphyrite is found near the crest of the anticlinal
fold formed by the fine-grained sediments. At Stordal small angular fragments of
fine-grained quartzite are found as inclusions in the dark rock which is char-
acterized by a lineation which coincides with the general fold axis directions
observed in the area. The hornblende porphyrite is here cut by pegmatitic dikes
and quartz veins. The tectonization is not homogeneous straight through the
bodies of the discussed rock. There is no strongly tectonized marginal zone and
a massive core. The non-tectonized parts occur quite irregularly in the more
lineated ones. The lineation is marked by aggregates of hornblende (Fig. 24).
Where lineation is pronounced, the rock displays a darker colour than where
lineation is not so strong, or absent. The porphyritic texture is, in places, very



56 LARS BERGSTROM

obvious with the black hornblendes (8—15 mm) lying in a gray to dark gray,
fine-grained matrix. Two planimetrical determinations of the mineral content
have been performed; one is on the dark type, the other on a more massive
type. The results are given in Table 12.

Table 12. Mineralogical composition of uralite porphyrite, Stordal

% by vol.
N res Quartz | Plagioclase Hornblende | Biotite | Acc.
Teetonized -0 = 20 3 31 (Angs) 62 3 1
Masstor oo 000 4 55 (Ang;) 36 4 1

Quartz shows moderate wavy extinction. Plagioclase and quartz form a
mass of small grains 0.3—0.4 mm between the porphyroblastic hornblendes.
The anorthite content of the plagioclase keeps remarkably constant at 45 %,
with deviations of a few per cent. The plagioclases are either untwinned or they
show few lamellae of the Albite type. The hornblende is light greenish yellow
(X) and olive green (Z); N, = 1.650 and n, = 1.668; c/z = 16°; 2V = 75°
These optical data correspond to an ordinary hornblende with 37 9%, of the
Fe-Mn-Ti molecule (Troger 1959, p. 77). The hornblende is partly altered
to a brown biotite. Poikiloblastic quartz inclusions are frequently met with in
the hornblendes. Titanite and pistacite are accessory minerals. Ore grains are
extremely scarce. A general sample from Stordal has been analysed. As a com-
parison the average compositions of diorite and norite are also given. These
analyses are taken from Johannsen (1952), vol. 3, p. 168 and p. 236.

DISCUSSION ON THE ORIGIN

Strong metamorphism has obscured all primary features of the rock. Is the
rock effusive or intrusive? (A sedimentary origin is out of the question because
of the angular fragments of quartzite.) A hint is given by the grain size of the
light minerals. They are much smaller than would be expected if an infra-
crustal rock — say an ordinary norite or diorite — were exposed to regional
metamorphism. One of the main results of metamorphism is just the increase
of grain size. The very small plagioclases preclude the idea of a deep-level origin
unless metamorphism were preceded by a process decreasing the grain size. There
are no signs of such a process. It is then logical to conclude that the primary
rock was very fine-grained. The rather coarse hornblendes do not contradict
this conclusion. The poikilitic quartz in the hornblendes is a metamorphic
texture and not a magmatic. Compare the secondary hornblendes in the supra-
crustal rock from Bockholmen (p. 28).

From this comparison it is evident that hornblende can form large crystals
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Table 13. Chemical composition of uralite porphyrite at Stordal compared to the average
compositions of diorite and norite

Uralite
porphyrite A\{er'fxge Aver.a ge
Sroidal diorite norite
% by weight

Lo S e e B B R e e 853.85 93.35 51.38
5L 3 e S kel SO e B B 0.89 0.92 0.90
ot o e B R S e e M 16.14 19.19 1719
e e P i R 232 0.97 2.5
Fela s e e St 5.66 6.91 7.70
e e B R e e 0.14 0.06 0.15
) 1o B L orshiy WS R B S M R 7.58 5.10 2T
0718 K R R S S 0.08 .92 8.37
DN T n S R 2.54 3.94 2.61
M8 s e R B R g 1.64 1.28 0.82
S PR R SO a e e ey 0.17 0.13 0.19

Niggli values:
~T RN S s s e el 24.0 29.6 24.6
D¢, b e SR e e T 45.2 37.0 46.4
e S S R ot e SRR 21.9 21.1 217
R S AR B, W SR 8.8 12.3 13
R R G e S T e 136 140 124
PR S e R R VL RS 0.29 0.18 0.16
SR SR s SR B e R 5 4 1.7 1.6

during metamorphic conditions. Johannsen (1952, III) states that in diorites
inclusions of quartz in amphibole are rare (p. 152). Concerning quartz occurring
in diorites Johannsen says it is “the last mineral to crystallize; consequently
it fills the interstices between the others” (p. 153). The presented data make it
impossible to regard the hornblende porphyrite as being an ordinary, metamor-
phosed norite or diorite. Lundegardh (1958) has dealt with similar problems in
his paper on the Géteborg—Kungilv region. He has not encountered a rock
identical to this, but related mafic rocks occur frequently in the area investigated
by him. He has found criteria both of supra- and infra-crustal origin of gabbroic
and dioritic rocks (p. 56) which are of the same kindred as the hornblende
porphyrite from the present area. When interpreted as supra-crustal rocks the
primary material was, according to Lundegérdh, a tuff or a lava (p. 56). When
regarded as intrusive Lundegérdh finds the primary material to have been a
norite intruded as sills. 3

A similar interpretation concerning the hornblende porphyrites as Lunde-
gardh’s first type seems probable. Their composition is equivalent to that of
an ordinary andesitic lava.

Field evidence favours an interpretation along magmatic lines of thought.
The hornblende porphyrites are regarded as superficial intrusions of basaltic-
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andesitic lavas which were synchronous with the folding of the sediments. This
would explain their positions in the fold crests and their strong metamorphism.

CHAPTER 10
Light gray granitic gneiss

On the northeastern part of Tjorn there is a seven km long and at most
two km wide anticlinal crest of light gray granitic gneiss. The contacts against the
fine-grained sediments are always easily distinguishable. The sediments are
gray and often strongly schistose; on the other hand the granitic gneisses are
often on the weathered surface gray with a distinct reddish tint. But also dif-
ferences in grain size and textures make mapping of the contacts easy. The lack
of pronounced foliation in the granitic gneiss, and the extreme foliation in the
sediments also give pronounced differences in the sculpture of the outcrops of
the two rock types. The granitic gneiss forms rounded outcrops — the schists, on
the other hand, give more rough surfaces.

In places where it is possible to examine the contacts in detail they are always
found to be concordant. The sediments always dip in the direction away from the
granitic gneiss and would, if they were extended upwards, form an anticlinal
roof above the granitic gneisses. This is easily seen in the northern extension
of the granitic gneiss at point 34.91. East of the mapped area the gneisses have
a moderate easterly dip. The sedimentary fine-grained gneisses and the amphi-
bolites at the southern end of the granitic gneisses, would have covered the
granitic gneisses if they were extended upwards. Further there are a few lineation
observations in the surroundings of the anticline indicating a homoaxial folding
of the surrounding gneisses and the granitic gneiss. They, also, indicate the
anticlinal structure of the terrain in question. A northwestern plunge can be
observed both in sediments and in the granitic gneisses on the northern end, and
a southwesterly plunge, though not so convincing — in the southern end.
Near the contacts the sediments exhibit steep dips. The anticline seems to be
rather steep and the lateral synclinal folds are — contrary to the anticlinal folds —
rather flat. It is not surprising to find all contacts concordant in their main
trends. There are, however, details which show that the granitic gneiss has
been so mobile that it has been able to break up the roofing sedimentary gneisses.
This can be seen in the road cuttings at point 331.904 where slabs of the supra-
crustal fine-grained gneisses or veined gneisses derived from mica schists are
lying in the granitic gneiss. The big inclusion of medium-grained, veined flaser-
gneiss at point 35.89 could be a part of the roof — hardly a roof pendant. How-
ever it must be stated that the brecciating character of the granitic gneiss is
restricted to the borders, and even there this type of behaviour is more an ex-
ception than a rule.
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The granitic gneiss forms an elongated anticlinal crest. Within this crest the
rock does not show any distinctive variations except those described below.
An important feature of the granitic gneiss is the diffuse veining occurring nearly
everywhere. See Fig. 25. When the diffuse veining is absent the gneissic texture
is marked by a slight orientation of the biotite (Fig. 26). Often, however, biotite
forms continuous layers in the granitic gneiss. These layers are folded in a delicate
way reminiscent of the migmatite found on western Tjorn. It must be stressed
that there is no predominant direction of foliation. Though as a whole the anti-
clinal crest is homogeneous, there are minor heterogeneities. One of them is
touched upon as it is regarded as important from a genetical point of view.

At point 347.882 a bed of pegmatite has been disrupted and the granitic
gneiss has — because of the highly plastic state it possessed during the tectonical
stage — fixed the pegmatite bed in its broken position.

In the granitic gneiss with porphyroblasts of microcline there are often ghostly
remnants in the form of biotite-rich schlieren. They are regarded as pre-granitiza-
tion textures which have been preserved because they were more resistant to
the processes which have veiled the primary textures to some extent. The transi-
tions from the obvious gneissic parts to the more granitic are gradational and
give a conclusive indication of the origin of the granitic gneiss. Grain size seldom
exceeds 1 mm though the porphyroblastic microclines in places are up to 4 mm
in cross-section.

Volumetric analyses of the more granitic parts have been performed. See
Table 14.

Table 14. Mineralogical composition of granitic gneiss, eastern Tjorn

% by vol.

Locality

Quartz

Microcline

Plagioclase

Biotite

Epidote

340.871
311.784

30
29

17
20

40
34

11
15

Quartz is generally extremely undulatory when occurring in its ordinary
position outside the other minerals. But when it forms inclusions in the feldspars
it is not undulatory.

Plagioclase is anhedral and is strongly clustered with sericite flakes. Twinning
is not always present. The anorthite content is approximately 20 9%. Some of
the plagioclases contain rounded quartz grains of 0.1-—0.2 mm diameter (Fig. 27).
Observe that the size of the quartz inclusions is the same as the size of the detrital
quartz grains in the best preserved fine-grained sediments. Myrmekite is com-
mon and is found when plagioclases are bordering microclines. Myrmekite is
never observed where quartz and plagioclase are lying in contact with each
other. Microcline is the youngest of the minerals. It penetrates the interstices
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Fig. 27. Quartz relicts in plagioclase. Hoviksnas. 355.841. Nic. +.100 x.
and attacks the plagioclases. When doing so the sericite flakes disappear from
the plagioclase in a rim of 0.05—0.1 mm bordering the microcline front. Deter-
mination of 2V in microcline gave values between 84° and 88°. This holds true
both for the larger microcline porphyroblasts and the interstitial potash feldspar.
Some of the larger microclines contain rounded, 0.1-—0.2 mm, non-undulatory
quartz inclusions (cf. the plagioclase). Biotite is dark brown to pale green.
Euhedral epidote is found together with the biotite. Finally a chemical analysis is
presented. It has been performed on a general sample from a road cutting.

Table 15. Chemical composition of granitic gneiss, eastern Tjorn

A ‘ % by weight

Locality " :

| sio, 1 'm):‘ Alz(,)ﬂ[Fczogl FeO | MgO

340.871 | 70.16] 0.23] 15.82] 0.63 | 1.91] 1.19] 2.80] 4.01 | 2.57 | 0.08 | 0.78

Cu()‘ Na._.()l K,O ] Hzo—| H,O*

Niggli values
ot 18.8; ‘alk' = 25.7, st = 323, k = 0.30, fi ='0.83.

al 42.8, fm 1

~I
~1

DISCUSSION ON THE ORIGIN

The tectonical picture of the gneisses in the environment shows that the
elongated crest of granitic gneiss is an anticline with rather steep sides. A similar
type of folding has recently been observed by Kranck (1960). He calls it a “dome
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and basin structure” where the domes are just elongated anticlinal crests. “Tt
is”, writes Kranck, “significant that dome and basin structure in gneiss terrains
occur where we have comparatively unaltered supracrustal rocks together with
highly granitized gneisses” (p. 440). Kranck regards this type of folding as having
been “affected by a highly plastic substratum, under a more rigid supracrust”
(p- 440). Similar thoughts are not new, however. Already in 1916 Geijer coined
the term “anticlinal batholiths” (p. 55) after having reviewed international
and Swedish investigations on concordant granites enclosed by sedimentary
rocks of various metamorphic degree. The non-transgressive behaviour is ex-
plained by intrusion and folding as simultaneous processes brought forth by
the same prime cause (p. 36).

In this paper Geijer only deals with the granites proper in the anticlines. He
does not consider the anticlines with a core of migmatitic composition. These
are, however, considered by Wegmann (1935). In his very important work
Lur Deutung der Migmatite Wegmann distinguishes between “Oberbau’ and
“Unterbau”. The migmatites are found in the Unterbau (substratum), which
conformably follows the folding of the Oberbau (supracrust) and is thus found
in the anticlines of the supracrust. Wegmann regards the migmatites and
granites, found in anticlines, as masses which have come to their present positions
by flowage, comparable to diapire tectonics (see also Wegmann 1930). Observa-
tions very similar to these are plentiful, though the interpretations are a little
different. From the Caledonides Faddegon (1940) reports that sediments in the
anticlines are granitized — the granitization being most complete in the core of
the anticline and decreasing in the direction away from the core (p. 193). Haller
(1956) has also studied the Caledonides but on East Greenland. He has found
a synorogenic granitization of psammitic sediments in the anticlinal folds. The
preserved gneissic textures are conformable to those in the covering sediments.
Haller believes that granitization is accompanied by a considerable increase of
volume. Similar observations have also been made in the Alpine mountain
chain. From the Mont Blanc massive Oulianoff (1960) reports a tectonic phase
causing gneissification of the schists in the synclinal zones accompanied by a
granitization at a slightly higher temperature in the anticlines (p. 158).

But similar observations and conclusions are also encountered in papers
dealing with Archean terrains. From east Siberia Frowola (1953) reports con-
cordant granite bodies in folds, especially in anticlinal folds, which are often
tilted (p. 58). According to Frowola the granites have originated by granitiza-
tion (= ultrametamorphism) of para-matter. Migmatite is regarded as an ex-
ample of incomplete granitization (op. cit., p. 63).

Finally a few lines from Perrin (1956) will conclude this short review on the
granitization and/or migmatitization processes observed in the anticlines of
... 1t is not abnormal that when granitization involves

143

metamorphic terrains,
a change in volume it occurs preferably in the anticlines” (p. 6).
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We shall now return to eastern Tjorn. The granitic gneiss with its diffuse
pegmatitic veins and remnants consisting of biotite-rich schlieren is regarded as
a product of homogeneization of primary sediments probably of more or less
the same composition as those already described. These sediments, which have
been homogeneized, are now found in the anticlinal fold. The structures indicate
that the rock matter has been in a highly plastic state. This is also proved by
the occurrence of sharp-edged inclusions of gneisses in the marginal zones
of the granitic gneiss. These inclusions cannot be regarded as proof that
the granitic gneiss was intruded (as a magma). The contact relationships give
no evidence of a mighty diapiric upheaval nor an intrusive behaviour. The
inclusions only prove that the granitic gneiss has locally become so mobile that
a very local brecciation has occurred. These local mobilizations are found only
a few metres away from the contact to the fine-grained gneisses. The micro-
scopical observations prove that the homogeneization/feldspathization also caused
an increase of grain size. Potash feldspar is strongly aggressive towards the
plagioclase. The small inclusions of non-undulatory quartzes in the plagioclases
are the result of the plagioclase metablastesis. Some of the quartzes in the neigh-
bourhood of the growing plagioclase blasts were captured by these blasts. The
inclusions are of the same size as the quartz grains in the least altered sediments.
During the tectonical processes, which are traced in the anticline these inclusions
escaped stress while the quartz grains outside the plagioclases were subject to
stress, and thus became strongly undulatory. Potash feldspar is the youngest of
the minerals. Some of the larger microclines also contain minor, rounded, non-un-
dulatory quartz inclusions. These are no doubt relicts from the quartz-bearing
plagioclases as the plagioclases have been replaced by potash feldspars. This is
seen from the frequently occurring myrmekite textures in the contact zones
between the microclines and the plagioclases.

The 2V values, both of the larger porphyroblasts and the interstitial potash
feldspars, fall within 84—88°. These angles indicate a rather low temperature

of formation of the microclines (Spencer 1937). The thin veinlets of potash—

feldspar penetrating the grain boundaries indicate a very low viscosity of the
solutions which formed the potash feldspars. The metasomatic processes acting
on the rock matter in the anticlinal crest, will be discussed in detail in the next
chapters which deal with the augen-gneiss and the augen-granite.

CHAPTER 11

Pale red granitic augen-gneiss

The central part of Tjorn consists of coarse augen-gneisses. The rock is found
on the island 098.582, which is the southernmost point where the rock in ques-
tion is exposed. From here the augen-gneisses are exposed in a NNE direction
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Fig. 28. Cuesta in granitic augen-gneiss seen from the south. Hovlanda 19.81.

over Tjorn, on the islets in Stigfjorden, and also to the northern extension of
Orust. The gneisses in contact with the augen-gneiss always dip moderately
eastwards. On the western border, where the augen-gneiss comes into contact
with the migmatite, for instance at 14.70, both rock units dip steeply eastwards
and they are concordant. The granitic augen-gneiss often forms a cuesta landscape
with the gentle slope dipping 25°—60° eastwards, and the sharp dipping at
right angles to the gentle slope (Fig. 28). The gentle slopes coincide with the
planes of foliation. Foliation is not always present. Folding is frequently observed
as soft bows in the augen-gneiss (Figs. 29, 30). Folding sometimes occurs in a
delicate pattern, but is most often obscured by a strong feldspathization (Fig. 31).

There is a very close structural connection between the supra-crustal rocks
and their higher-metamorphic derivatives, the migmatites and the granitic

Fig. 29. Folding in granitic augen-gneiss. Furusidter 247.851.
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Fig. 30. Folding in granitic augen-gneiss. Varekilsnas.

augen-gneisses. This may be seen on the light gray schlieren of fine-grained
gneisses in the coarse, red augen-gneiss (Fig. 32). It is out of the question that
these light gray gneiss slabs are nothing else but remnants which have escaped
potassium metasomatism which resulted in the formation of microcline metablasts.
Next figure (33) shows that the primary material — a medium-grained gneiss —
is strongly feldspathized in its lateral parts. Parts of this rock characterized as an
augen-gneiss are more veined than augen-bearing, as for instance, at 175.775.
Lineation is a very characteristic feature of the rocks in the central parts of
Tjorn. Lineation is often extraordinarily well developed which is seen in Fig. 34.
The two polished surfaces are cut nearly at right angles to each other, and show
the elongated “cigars™ of flesh red microclines, plagioclases, and quartzes. The
lineations accounted on the map were observed in such “cigars” as those in
Fig. 34. In the specimen photographed foliation is absent. In some cases, how-
ever, both foliation and lineation are present. In this case the lineations lie in

5—630230
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pathization. Granitic augen-gneiss.

Roseliden 217.804.

Fig. 32. Fine-grained supra-crustal remnants in granitic augen-gneiss
Kallekarr 228.812.
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Fig. 33. Medium-grained gneiss septum in granitic augen-gneiss. Bleket 133.638.

the plane of foliation. Often the gentle slopes of the cuestas are strongly lineated
by microcline aggregates. The lineations mainly strike in the direction N 20°—
70° E and plunge 16°—70°. Intermediate values are the most common.

Returning to the contacts on the eastern side of the granitic gneiss one can
observe a rather remarkable change in the strike of the contact near 22.75.
This change in direction can be explained by the plunge of the lineations in
the granitic augen-gneiss. The augen-gneisses dive under the sedimentary
gneisses and disappear in the direction of the plunge where the schists have a
very gentle NE dip. The augen-gneiss is always concordant to the fine-grained
gneisses, though the very strong lineation at some places (for instance at 240.885)
gives the impression that the augen-gneiss is discordant to the gneisses. A careful
study shows that both the planes of foliation and the lineations are concordant.
The latter are very pronounced in the red augen-gneiss but in the schists they
hardly exist, while the opposite is valid for the planes of foliation.
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Fig. 34. Lineation in granitic augen-gneiss. Surfaces cut perpendicular
to each other. Bockholmen 112.646.

Fig. 35. Microcline porphyroblasts in amphibolite-gneiss. Bockholmen 115.645.
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Fig. 36. Coarse, microcline-rich granitic augen-gneiss. Valsing 159.870.

At the eastern contact, between the fine-grained schists and the coarse augen-
gneiss, there are some localities with breccias. The inclusions consist of sharp-
edged schist fragments lying in a matrix of non-schistose, microcline-rich augen-
granite which gradually changes into the normal, granitic augen-gneiss. Such
breccias are found on the geological map at points 181.666, 200.695, 222.794.
The brecciation is caused by a local mobilization which has occurred at the
contact where the schists lie over the granitic augen-gneiss; it is the same
phenomenon as was described in a previous chapter on the granitic gneiss on
castern Tjorn. In later chapters, local mobilization will be treated in detail.

Half a kilometre west of the church at Stenkyrka there is a 2 m thick bed of
fine-grained amphibolite with strike and dip concordant to those of the surroun-
ding augen-gneiss. The same is valid for the amphibolites at 185.820 and for
the gneissslabat 17.85. These inclusions of what are undoubtedly supra-crustal
rocks, are always orientated strictly parallel to the schistosity of the augen-gneiss,
and, according to the writer, are relicts which have been more resistant to the
general increase of the content of potash feldspar. Amphibolites are — in most
positions — very resistant to the potassium metasomatism, and are thus unaffected
by the invasion of microcline. Where local conditions have been favourable,
however, there is an invasion of microcline porphyroblasts even in the
amphibolites (which may be seen in Fig. 35 from Bockholmen 115.645).
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Fig. 37. Enrichment of feldspars in flexural fold in granitic augen-gneiss. Varekilsnis.

The stated facts prove that the area is far from homogeneous due to non-
feldspathized relicts. But also the granitic augen-gneiss shows differences in
habit. Grain size and texture are not uniform. Fig. 36 shows a coarse microcline-
rich variety and Fig. 31 a more normal type. It is quite evident from Fig. 37
that dilatation has caused felsic minerals to accumulate along the low-pressure

surfaces.

THE EXPOSURES AT VAREKILSNAS

A detailed study of the granitic augen-gneiss and its relationships to the
fine- and medium-grained gneisses has been performed at Varekilsnis (location,
see Fig. 3). This locality is outside the mapped area but, as it gives certain very
important information on the granitic augen-gneiss, the results of that in-
vestigation are presented here. Exposures are excellent because of road cuttings.

Fig. 38 is a drawing of the exposed rocks. It shows the relations between the
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Fig. 38. Exposure along roadcutting. Varekilsnis.
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Fig. 39. Aplitic veins in augen-gneiss. Observe that the augen penetrate the
aplite. Varekilsnas.

different rock types. Beginning from the northern end of the exposure at
A, we find a coarsely medium-grained microcline augen-granite. The matrix
between the augen is a little foliated, and the augen are slightly elongated along
the direction of lineation. The rock displays the features of a faintly gneissic
augen-granite, but the writer wants to call it a granitic augen-gneiss because of
the close connections to the gneisses at the locality. At B there is a dark, medium-
grained, biotite-rich gneiss with coarse, reddish microcline augen. These augen
often form a pattern reminiscent of boudinage. They are partly euhedral and
partly rounded. This augen-gneiss is folded and concordant to the granitic
gaeiss at A. There is a transitional boundary between the two rocks treated
above. The augen-gneiss is also concordant to the folds of the dark biotite-
garnet amphibolite which is intricately crenulated (at C). On each side of the
amphibolite the augen in the augen-gneiss are light gray instead of the ordinary
light red colour. The light gray porphyroblasts are forming a 5—7 cm wide
zone on each side of the amphibolite. A fine-grained, grayish red aplite (in Fig.
38 heavily dotted) cuts the fold structures in the augen-gneiss, but also concor-
dantly penetrates the gneisses as seen in Fig. 39. The porphyroblasts in the gneiss
are seen to expand into the aplite on the contacts but there are also some
new-formed potash feldspars in the aplite. The aplite is post-tectonic and the
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Fig. 40. Folded augen-gneiss with elongated porphyroblasts. Varekilsnis.

augen in the gneiss are also post-tectonic and post-aplitic, too. At D the augen
in the gneiss gradually become more disc-shaped and elongated. They are
polycrystalline in contrast to the augen at A and B which are monocrystalline.
Towards E the gneiss grades from a schlieren-gneiss to a flaser-gneiss, and at
E it is a fine-grained, supra-crustal gneiss (Fig. 41) of the same type as described
in chapter 2. Further south a veined gneiss is exposed which has the same strike
and dip as the finegrained, sedimentary rocks at E.

Due to recent blastings in the granitic augen-gneiss 200 m NNW of the northern
end of the presented section of the road cutting, there is another good exposure.
Fig. 42 is from that exposure and shows a medium-grained, schistose gneiss (at
the pencil) and to the right an augen-gneiss. The transition between two similar
rocks is also seen in Fig. 43 with veined gneiss at the label “E” and augen-
gneisses in the direction of the strike (to the right). The augen which are both
mono- and polycrystalline are very often orientated with their longest diagonal
parallel to the plane of foliation (Fig. 44). The augen are frequently poly-
crystalline. An example of this may be seen in Fig. 45 which shows how a layer
of biotite which is seen in the gneiss continues through the microcline-dominated
avgen. The augen are very often extremely elongated in the direction of lineation
(compare Fig. 34). The direction coincides with the minor fold axes observed
in the medium-grained gneiss relicts.

Fig. 46 shows veins which have partly recrystallized to augen.
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Fig. 43. Transition between veined gneiss (left) and augen-gneiss (right). Varekilsnis.

Fig. 47 proves how tectonization boudinates the veins. These boudins are
still polycrystalline and their length direction coincides with the fold axis. After
the boudination recrystallization has caused the granular boudins to form
more or less uniform crystals, often with two tails of granular matter (compare
Fig. 46) in the direction of the lineation. Due to tectonic conditions, however,
the feldspar of the veins can recrystallize to more rounded augen in a matrix
which was weakly foliated or massive. As a comparison Fig. 48 shows how a
concordant quartz vein in a mica-rich gneiss has been deformed. The quartz
vein is boudinated and each boudin has a rectangular cross-section. One diagonal

Fig. 44. Microcline porphyro-
blast with its long diagonal
parallel to the schistosity.
Varekilsnis.
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Fig. 45. Biotite layer
from matrix passing
through microcline
porphyroblast.
Varekilsnis.

is parallel to the plane of foliation. The observation proves how deformation can
form boudins of a rectangular cross-section.

The felsic bands in the gneiss at Varekilsnis have been deformed in the same
manner as the quartz vein. The form of the boudins has been modified by the
post-deformational recrystallization, which tended to form a few large crystals
from the primary many small crystals in the veins or boudins. The occurrence of
biotite stringers through the augen eliminates the possibility of interpreting the
augen-gneiss as a strongly tectonized granite. The section (Fig. 38) from the
road cutting, too, rejects such an interpretation. The observations related indicate
the following sequence:

Fine-grained gneisses — Veined gneisses — Augen-gneisses

We shall now see if the microscopical data, which hitherto have not been
taken into consideration, support or reject the observations and conclusions
reached in the field.

Fig. 46. Vein, partly
recrystallized to augen.
Varekilsnis.
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Fig. 47. Boudinated veins.
The boudins have
recrystallized to augen.
Varekilsnas.

The fine-grained supra-crustal rock at E (Fig. 41) contains up to 45 9, of
quartz (size 0.15—0.30 mm), feldspars 21 %, and the rest micas and epidote.
The light bands are devoid of biotite — the dark bands get their colour from
biotite. Tourmaline is present as an accessory mineral.

The amphibolite at C is black and strongly schistose and crenulated. It mainly
consists of conformable hornblende prisms. Marginally the hornblende is altered
to a yellow—Ilight brown biotite. Strongly undulatory quartz forms long lenticles
and veinlets parallel to the hornblende prisms. Epidote is very common. Garnet
occurs.

The mineralogical composition of this amphibolite differs from those described
earlier in the fact that it lacks plagioclase. This discrepancy is hardly a reason for

Fig. 48. Defo med quartz vein. The boudins are rectangular. Kallekdrr 220.814.
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supposing any other origin than that of the other amphibolites in the area. The
rock thus certainly a product of volcanic activity.

With regard to the veined gneisses and the augen-gneisses, the thin-sections
give no information other than that there was a pronounced secondary formation
of K-feldspar at the expense of plagioclase. The strong potassium metasomatism
has also influenced the aplites, which in their composition differ from the gneisses
in the respect that their content of ferro-magnesian minerals is low. The field
observations showing that the aplites are pre-potassium-metasomatic are thus
confirmed.

It is quite evident that the fine-grained gneiss and the amphibolite belong
to rocks of supra-crustal origin. The field observations and microscopical data
confirm that these rocks have been subject to a considerable increase of K-
feldspar, probably first as a veining. Tectonization boudinated the veins and
the boudins which then were formed have recrystallized into larger augen.
Certainly this is not the only way in which augen were formed. In a later part
of this paper an example of another origin of the porphyroblastic augen-gneiss
will be dealt with. Before we leave Varekilsnias with its excellent examples of
augen-gneiss formation Backlund’s (1950) ideas on augen-gneiss formation may
be cited, as they, in some respects, coincide with the present writer’s. Backlund
says that the rigified feldspathic bands during tectonization reacted with
boudinage. This was followed by a flowage of the adjacent mica-rich layers
(op. cit., p. 35). However, Backlund gives no microscopical or other documenta-
tion of this. He concludes the cited paper with suggestions on the formation of
augen-granites by potassium metasomatism of basalts, ideas for which the present
writer finds no proof in the present area. In the same paper, Backlund also
reports that gray augen of microcline occur in a calcic environment, the red
augen being a sign of a calcium-deficient milieu.

In this connection it may be observed that the augen in the immediate vicinity
of the amphibolite with its high amount of epidote minerals are gray, and not
red, as they are in the rest of the augen-gneiss.

THE EXPOSURES AT RORA

We shall return to the granitic augen-gneiss on Tjérn and now consider
the geology at Roéra 21.88. A section is shown in Fig. 49. The section is along
the 880 line between 20 and 24 according to the grid system on the
geological map. The section is seen from the south. The letter A represents
the augen-gneiss with the augen often elongated and indicating the lineation.
B is a massive augen-granite with no foliation or lineation. Its massive character
is also obvious from the rounded outcrops formed by this type of granite. C is a
garnet amphibolite. Above the amphibolite there is a slab of medium-grained
gneiss marked D. At the contact to the amphibolite the gneiss is fine-grained
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but further away from the amphibolite the grain size in the gneiss has increased.
In the medium-grained part of the gneiss slab there is a bed of white quartzite,
which seems to have been unaffected by the general increase in the grain size.
The increase of grain size is accompanied by an increase of the red-feldspar
content. The feldspar forms veins and porphyroblasts. (See Fig. 50.) The quantity
of microcline porphyroblasts increases further up in the gneiss, but still there
is a distinct difference between the feldspathized gneiss slab and the granitic
augen-gneiss. The gneiss septum is medium-grained while the granitic augen-
gneiss is coarsely medium- to coarse-grained. The presented section shows that
the gneiss is very little affected by potassium metasomatism near the amphibolite,
and that further away from the amphibolite metasomatism and recrystallization
have increased. Thus the amphibolite has preserved the gneiss. The gneiss im-
mediately above the amphibolite has a general grain size of 0.5 mm. It contains
porphyroblasts (1—2 mm) of plagioclase (composition Any,). The groundmass

Fig. 50. Gneiss with beginning microcline porphyroblastesis. Réra Strand 216.892.
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consists of strongly undulatory quartz, green biotite, and muscovite. Potash feld-
sparis present though in minor amounts. It is secondary, and when plagioclase
and microcline contact each other, a typical myrmekite texture is formed in the
plagioclase. The microscopical investigation proves the rock to be a normal
gneiss of a type frequently seen as paleosome in the migmatite area.

The results derived from this section permit the following conclusion. The
amphibolite seems to have prevented the solutions causing potassium metasomatism
and recrystallization from affecting the rocks above and near the contact to
the amphibolite. Thus the amphibolite is responsible for a comparatively low
metamorphosed rock, »iz. the medium-grained gneiss, which forms a thin coating
east of the amphibolite and hornblende porphyrite. At the southern extension
of the amphibolite 204.815 the dip is much steeper (65°) than near Réra (30°).
Where dips are steep the lower metamorphosed gneiss septum is much thinner
than where dips are flat. This can be explained by the more or less “shadowing”
effect of the amphibolite stratum which was impermeable to ascending metamor-
phosing solutions. Where the dip of the shadowing amphibolite is steep, the
unaffected rock volume is small or absent, as at the southern end of the amphi-
bolite (at 204.815), but when dips are flat the unaffected volume is considerable,
as in the section south of Roéra.

COMPOSITION OF THE GRANITIC AUGEN-GNEISS

The mineralogy of the granitic augen-gneiss is shown by the volumetric
analyses given in Table 16.

Table 16. Mineralogical composition of granitic augen-gneiss

% by vol.
Locality Quartz Microcline Plagioclase Biotite | Epidote Acc.
71850 sk 23 48 19 8 s Gar. Tour.
163.716 i x 30 36 19 10 5 Gar. Tour.
176:790 + i 2 27 36 30 6 1 Gar.

Gar. = Garnet. Tour. = Tourmaline.

Fig. 51 shows a polished specimen of granitic augen-gneiss.

The gneissic texture is caused by the parallel alignment of the biotite and the
lenticles and stringers of quartz, which show wavy extinction. Grain size varies
from 0.5—5 mm in the matrix. In this matrix there are large microcline por-
phyroblasts of up to 30—40 mm diameter. There is a close connection between
the grain size of the matrix and the size of the porphyroblasts, so that increasing
grain size of the matrix is accompanied by an increase of the size of the blasts.

Quartz occurs as two types. The “external” quartz is of the same size as the
predominant grain size in the matrix. It forms undulatory grains often elongated
in the plane of foliation. The external quartz is thus an integral part of the
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Fig. 51. Granitic augen-gneiss. Polished specimen. Hiller 176.794.

groundmass. The second type, “internal” quartz, forms small, rounded grains
of 0.3—0.5 mm diameter which are not undulatory. These small grains are
found as inclusions in plagioclase and in microcline.

Microclines are partly cross-hatched, partly of flame-perthite type, and
partly clear. Microcline is the youngest mineral. It is strongly penetrative
and forms veinlets between the other minerals. It is also found to attack the
plagioclase and replace it in the same manner as described in earlier sections
of this paper. 2V values have been determined in both the interstitial potash
feldspar and in the porphyroblasts. The determinations gave results between
85 and 86° indicating a low temperature of formation.

Plagioclase is strongly dusty. The dust consists mainly of sericite but there is
also a little clinozoisite. The grain boundaries of the plagioclases are corroded.
Myrmekite is frequently met with where plagioclase is attacked and partly
replaced by potash feldspar. The An-content is 23—10 9, and wvaries in the
same thin-section. The plagioclases are sometimes found to be bordered by a
0.05 mm wide rim of dust-free albite (Fig. 52). Biotite always occurs in distinct
layers. It is pleochroic in light brown and yellowish brown and is partly altered
into a green biotite.

Epidote occurs in the biotite layers. The iron content seems to be connected
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Fig. 52. Microcline containing relicts of sericite-dusted plagioclase with a rim
of clear albite. Ord. light. 30 x.

with the total biotite content. Thus in the specimens with high biotite content,
pistacite dominates, in those with lower biotite content clinozoisite is pre-
dominant. It may also be observed that there occur in the same thin-section
both clinozoisite in the felsic layers and pistacite in the mafic layers. Accessory
minerals are garnet and tourmaline. The garnet has n = 1.786 and unit-cell
dimension of 11.66 A, corresponding to a composition of about 50 % almandine
and 30 9, grossular. The tourmaline is a schorlite, i. e. the same tourmaline
which was found in the low-metamorphic sediments at for instance Tjuvkil.

Compared to the fine-grained sediments the granitic gneiss has a higher content
of feldspars and a lower content of quartz. Other differences are not significant.

The writer is aware of the danger of drawing conclusions from chemical
analyses of rocks unless these are made on a wide statistic scale. However, the
following results (Table 17) are put forward even if from a genetical point of
view they are of minor importance. The specimens analysed are from Dyreby
176.790. The mineralogical composition of that rock is given in Table 16. As
seen from this table the mafics are rather scarce. This can also be concluded
from the analysis.

6—630230
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Table 17. Chemical composition of granitic augen-gneiss

% by weight
Locality SiO, |TiO.Z |A1.203 Fe,O, |FeO [MgO |CaO [Na,0 |[K.O

[a]
o
o

176.790 . ; 75.27' 0.38 12.11 0.57 l 2.30 0.44 0.83 4.92

Niggli values
al = 42.7, fm = 18.3, ¢ = 5.4 alk = 33.7, si = 449, k = 0.55, ti = 1.8.

A comparison with the low-metamorphic sediments gives the obvious result
that this rock contains more alkalies than the sediments. The lower content of
Fe and Mgin the granitic augen-gneiss does not mean that these elements have
been withdrawn by metasomatism. It is a primary feature. It must be mentioned
that the fine-grained gneisses and schists also are influenced by potassium metaso-
matism, though not to the same extent as the augen-gneiss.

DISCUSSION ON THE ORIGIN

The mineralogical composition indicates a sedimentary origin. The internal
quartz can be explained as relicts of the primary quartz, which was captured in
the growing plagioclases and therefore escaped the recrystallization and deforma-
tion which characterize the external quartz (compare p. 79). The plagioclase
gives no sure indication of the origin of the rock. Some of the plagioclases are
faintly porphyroblastic and all of them are strongly “dusty” due to inclusions main-
ly of secricite. The formation of sericite is the first sign of potassium metasomatism
(compare p. 43). The dust-free border zone of albite is also a result of the potas-
sium metasomatism. Potassium replaced sodium in the feldspar lattice and the ex-
pelled sodium formed a border zone of albite. The small inclusions of clinozoisite
in the plagioclase are also the result of the breaking down of the plagioclases.
The plagioclases are so intimately connected with the microcline that their
testimony cannot be separated from that of the microclines. As mentioned above
the K-feldspar is the youngest mineral, and its strongly penetrative character
is beyond all doubt. Its tendency to replace the plagioclase is also evident.
An indication of this is, of course, the remnants of plagioclase in the microclines,
and the small rounded quartz inclusions which have survived the transformation
of the plagioclases into microclines (Fig. 52). The epidote minerals frequently
occurring are no doubt the minerals which have captured the calcium set free
from the plagioclases which were altered to microclines. The comparatively
high 2V values indicate that the microclines have been formed at moderate
temperatures. The light-coloured biotite is also an indication of low temperatures
as magmatically formed biotite is generally dark. The accessory mineral tour-
maline gives an indication from origin from sediments of the same kind as
those occurring in the eastern part of the mapped area.
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The field observations — especially illustrative at Varekilsnds, but also at
many other localities within the augen-gneiss areas — point to the metaso-
matic formation of veins and augen in a groundmass which has a mine-
ralogical composition and a texture very similar to the para-rocks met with
on the eastern and western parts of Tjorn. The formation of veins and augen
requires supply of potassium, as the other elements needed for the secondary
formation of K-feldspar, i. e. Si and Al, are abundant in the primary material.
Small-scale metamorphic differentiation cannot be responsible for the enrich-
ment of the potash-feldspar matter in the porphyroblasts, as there is an increase
of tolal potassium. The formation of microcline porphyroblasts in amphibolite
has to be regarded as a positive indication of a migration of the matter forming
microcline, though it is not a proof of a long-distance migration. The traversing
micro-veinlets of K-feldspar so frequently encountered everywhere in the granitic
augen-gneiss, indicate a high degree of mobility of the matter forming the feld-
spar veins. This matter has been able to infiltrate and permeate the country
rock and react with it. The introduction of matter must have been performed
by aqueous solutions which had a viscosity low enough to permeate the rocks
transformed. The structural continuity of the feldspathized rocks (granitic
augen-gneisses) and the thin septa of fine- to medium-grained low-metamorphic
gneisses and fine-grained amphibolites is a criterion of the replacement origin of
the granitic augen-gneiss rather than a criterion on a magmatic, intrusive origin.
The microscopic observations confirm that feldspar-forming solutions were
extremely penetrative.

As there has been an addition of matter it is not surprising to find an increase
of volume of the metasomatically altered rocks. The feldspar porphyroblasts have
grown in a texturally unchanged groundmass (cf. Figs. 44, 45). The potash-
feldspar porphyroblasts amount to at least 20 9, of the total volume. An increase
of volume seems unavoidable unless there has been an equal loss of matter
simultaneously with the growth of the porphyroblasts. Loss of water has occurred.
The amount of the decrease in volume due to this loss is difficult to estimate, but
it has not been of the same order as the increase. The balance points to an
increase of volume. There are no signs of a loss of ferro-magnesians which would
perhaps be expected — as discussed in connection with the analysis. It is very
difficult, however, to establish an increase of volume when the metasomatism
was synkinematic. Metasomatic reactions are, by numerous authors, regarded
as processes which do not change volume (Lindgren, Goldschmidt, Barth, and
others). Opposition to the constant-volume “law” is, however, also strong.
Poldervaart (1953) has proposed a method of petrological calculations which
gives the amount of change in volume. He is aware of the difficulties in cal-
culating volume changes and states, “. .. the writer believes that the problem of
volume chang s during metamorphism is probably attacked best by detailed
studies of field relations™ (p. 496). The observations indicating increasing volume
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during granitization and metasomatism are manifold. As early as 1904 van
Hise assumed that metamorphism was normally attended by changes in volume
(Poldervaart,op. cit., p. 494). Wegmann (1935) said that the formation of light
minerals (potash-feldspar porphyroblasts) in some cases caused an increase of
volume (p. 324). Rosenqvist (1943) published a paper on metamorphism from
the Opdal area in Norway. On p. 173 he writes about, “considerable increase in
volume by transformation of hornblende schist into augen-gneiss.”” In a later
paper Rosenqvist (1952) delivered a strong criticism on Barth’s standard-cell
calculation, which is based on the theory of constant volume. “The whole idea
of the standard cell of constant volume, containing 160 atoms of oxygen, is thus
based upon a false premise and if applied to metamorphism it may in certain
cases lead to severe errors” (op. cit., p. 90). The increasing volume in connection
with granitization is stressed by Eskola (1950, p. 11) though he maintains that
granitization is caused by a granitic magma. But in this connection, when only
the volume problem is considered, this is of no relevance. Misch (1949 b) has
studied the volume problem connected with granitization. He has found that,
unless there was a removal of material, the feldspathization obviously causes an
increase of volume (p. 400). This idea is also advocated by Perrin (1954). Recently
Marmo (1956) has studied how the metasomatic introduction of K and Si
causes an increase of volume. If the tectonical conditions were favourable the
metasomatically swelled rocks would appear in domes (p. 487). Later Marmo
(1958) is more exact in his statements on these problems. He writes that K and Si
migrate to the least compressed areas and reappear in the crests of folds, there
causing a feldspathization (pp. 37—39).

Many more examples of increasing volumes during granitization/feldspathiza-
tion could be cited but these suffice to show that in this connection, increasing
volume can be regarded as a universal phenomenon. Which are then the signs of
increasing volume ? Poldervaart (1953) has expressed his view in the following way,
“Volume changes result in the deformation of the rocks, rendered plastic by the
existing higher temperatures and permeation by the aqueous fluids. Thus, the
intricate foldings often observed in metamorphic terrains are believed to be, at
least in part, the outcome of these volume changes which in turn result from the
rise in temperature. This last factor initiates metamorphism and granite forma-
tion” (pp. 501—502). The observations on the granitic augen-gneiss on Tjorn estab-
lish the existence of a folding in an intricate pattern (cf. Fig. 31). That same type
of folding which caused a plastic flow is not observed in the low-metamorphic
area of schists and fine-grained gneisses, but is found in the migmatite area.
The conclusion is then that this type of folding is closely connected with a high
degree of metamorphism where secondary feldspathization has played an im-
portant role, and thus also an increase of volume has occurred. Other, but also
important, indications in the same direction are the frequent breccias on the
eastern border of the granitic augen-gneiss (compare Ljunggren 1954, p. 35).
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They also indicate the volume increase and the mobility which — in connection
with tectonical movements —resulted in the formation of breccias. These and
similar breccias will, however, be treated in a later chapter.

In earlier sections of this chapter the problem of the matter introduced has
been touched upon. We shall now consider this question more in detail.

WHAT HAS BEEN INTRODUCED ?

As seen both megascopically and in the microscope there has been an increase
of potash feldspar. Short-distance metamorphic differentiation has played a
minor roleand the introduction of matter a major role. The following lines are
intended to give an answer on the question above.

As mentioned in earlier sections K, Na, and Si are found to be extremely
mobile elements, as namerous workers on metamorphism have established. The
low mobility of Ca and also of Al is more controversial but anyhow it can be
agreed that these elements are much less mobile than the first mentioned. For
the secondary formation of potash feldspar, potassium and silica are necessary,
but also aluminium. In many investigations dealing with feldspathization there
is often only a short statement that potash feldspar is formed by solutions con-
taining K and Si, and the source of Al is overlooked. Ljunggren (1954), however,
has considered the aluminium problem in detail. He connects the secondary
formation of microcline with the muscovite content of the rock unaffected by
metasomatism which, according to the present author, conforms with the ex-
periences on Tjorn. The following formula is a possible explanation of the potash-
feldspar formation out of muscovite, quartz, and potassium.

9K + + KAISi,0,,(OH), + 6Si0,>3KAISi;O, - 2H+ (1)
Mol. vol.: 137 ml 136 ml 327 ml
Increase of volume: 20 9

The amount of new-formed feldspar is more than twice the volume of the
consumed muscovite. However, there are also other sources of aluminium for the
feldspar formation. Cordierite has been observed in the schists and could also
be a possible -— though minor — source of Al. As seen in the volumetrical ana-
lyses, muscovite is an essential mineral in the fine-grained gneisses and schists,
but absent or nearly so in the granitic augen-gneiss. If all muscovite in the
sediments were converted into microcline, the total amount would easily reach
the microcline values given in Table 16.

No doubt all K wanted for this transformation need not necessarily be in-
troduced from outside. If sodium were introduced, the following reaction which
liberated K may take place:

3Na+ + KAlSi;O,(OH), -+ 6Si0, — 3NaAlSi,O, + K+ + 2H + @)

Albite is formed and the liberated K-+ may react with other muscovite ac-

cording to formula (1). It is difficult to estimate the amount of silica introduced
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on one side and the silica omnipresent on the other having been used in reac-
tions (1) and (2). Undoubtedly silica was introduced together with the potas-
sium but also the quartz content of the primary material could have been used
in the reactions (1) and (2). Where microcline porphyroblasts are found in an
extremely dark groundmass introduction of Si must have occurred as the ground-
mass is devoid of quartz. Biotite and albitic plagioclase are the dominating
minerals in such rocks. In cases where the silica is of local origin, which means
that it is taken from the immediate vicinity of the new feldspars, the increase
of volume is naturally much less than when the blasts were formed by intro-
duced K and Si. When, however, the potash-feldspar porphyroblasts and/or veins
are found in a ground-mass of a composition identical to the fine-grained gneisses
and schists, a simultaneous supply of both K and Si must be assumed. When the
solutions containing K and Si reached a rock with sufficient amount of aluminium
for feldspar formation, microcline was formed. Pure quartzites are resistant to
secondary growth of potashfeldspar due to their lack of Al, and not as recently
pointed out by Stdlhés (1962) depending on the low permeability of those
rocks (p. 69).

When the solutions percolating through the rocks reached an amphibolite,
the outer zone of it was biotitized (Wegmann 1935). Undoubtedly the mantle
of biotitized hornblende would prevent — or at least make resistance to a further
penetration of the solutions into the amphibolite due to the abundance of mica
flakes. The core of the amphibolite would be unaltered. This is just the case
observed on Tjérn, where the amphibolitic beds are biotitized marginally
(compare p. 38).

From the discussion above it is obvious that the phenomena observed in the
granitic augen-gneiss, and in the inclusions of structurally concordant amphi-
bolites, can be explained by ascending water solutions of mainly K and Si.
However, the possibility of these solutions also making Al mobile over restricted
areas should not be overlooked. Gavelin (1960) has given a very interesting view
on granitization. Following quotation from him clarifies how Al can become
mobile. |

“The role of water as a catalyst in metasomatic formation has been emphasized by
many investigators. The occurrence of water, even in very small amounts, is therefore
believed to facilitate greatly the diffusive transfer of matter. As concerns such kinds of
mineralization as feldspathization, which is one of the most important processes in
granitization, a very interesting hypothesis has been proposed by Gabrielle Donnay,
Whyart, and Sabatier (1959). They found experimentally that water acted as catalyst
in the substitution of Al — Si and that the formation of silicates through the diffusion of Si
and Al in the solid state is thus greatly facilitated by the presence of even very small |
amounts of water. A mechanism was proposed by these authors, which involves that |
OH ions enter the SiO,-tetrahedra in silicate structures, thus creating strong polarizing |
effects which weaken the bonds and facilitate a migration of Si and Al through the ;
lattices” (op. cit., p. 267).
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If this holds true some of the new-formed microclines need not use the “local”
supply of Al in the form of muscovite for their formation. The solutions have
themselves had all the constituents required for the feldspar formation. This is
certainly the case concerning the microcline porphyroblasts in mafic rocks.

FROM WHERE ?

Ramberg has coined, and frequently used, the expression “chemical
squeezing”, thereby meaning the pushing out of K, Na, Si, O, and H,O from
deap-seated rocks in the granulite facies. These deap-seated rocks have been the
source of the mobile, feldspar-forming solutions (Ramberg 1952, p. 247). The
solutions have migrated to low-pressure areas and there precipitated their cat-
ion content. Similar thoughts are frequently met with in recent investigations
on the origin of granites. Marmo (1961) has clearly stated that the potassium —
if not juvenile — is derived from the clay minerals in the sediments. Potassium
was expelled when the sediments were subject to regional metamorphism. “The
potassium thus expelled may reappear in the interstices of other rocks and result
in granitization” (p. 137). “Under tectonically favourable conditions and
sufficiently large free-energy-gradient levels, the expelled material may be con-
centrated by hot waters and form granitic and aplitic veins and dykes” (pp.137—
138). Mehnert, Perrin and Roubault, Reynolds, Read, and others have expressed
similar thoughts.

But how do these ideas look in the light of the results of experimental anatexis
reached by Winkler and co-workers? They have performed isochemical meta-
morphic experiments on common sediments with excess of water at pressures of
2 000 atm. and temperatures up to complete melting. The pressure during the
experiments corresponds to that prevailing at 7—8 km depth in the crust. Ex-
periments on illite-quartz clay show that at 700° C there is a partial anatexis.
The melt is, compared to the primary material, enriched in SiO,, potassium,
and sodium. The unmelted remainder contains more Al,O,;, MgO, and iron
oxides than the primary clay. From these experiments we see, that when the
temperature rises to the point where partial melting begins, the elements re-
quired for feldspar formation are set free from a sediment of so ordinary a com-
position as an illite-quartz clay. It is, however, certainly not the melt containing
Si, K, Na, and H,O which has formed the porphyroblasts, but solutions derived
from anatectic melts. The high values of the optical angles in the microclines
indicate that the feldspars were formed at moderate temperatures (Spencer
1938) and not out of a melt. Marmo (1961) concludes from his experience
“... that microcline may indicate a slow accumulation of granite-forming
material under moderate temperature. If this accumulation is more rapid, or
the temperature elevated, orthoclase will be formed instead of or in addition
to microcline” (op. cit., p. 138).

In the next chapter some very important tectonical factors will be treated.
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The importance lies in the close connection between tectonical position and

degree of feldspathization.

CHAPTER 12

Folding and other tectonical factors affecting granitization

The lineations in the central part of Tjérn generally plunge 20°—30° in a
northeasterly direction. Important exceptions are found in the migmatite
area at 13.68 where fold axes plunge in southern to southwestern directions.
This confirms the interpretation that the pinching out of the granitic augen-
gneiss to the south is caused by a plunge of the fold. Lineations in southern
directions are very sparse, probably due to the very strong lineation in a
northeastern direction, which was impressed in a stage after the formation of
the anticlinal crest.

An anticlinal crest is also found on eastern Tjérn north and south of Héviks-
nis. The anticlinal crest form is proved by the strikes and dips of the enclosing
gneisses. Though sparse, the lineations also speak in favour of interpreting the
pale red augen-gneiss-granite as an anticlinal crest. There are lineations plunging
south in the southern part of the crest and northerly plunges are seen in the
northern part. Generally these lineations — which are true fold axes — are
better preserved in the enclosing schists than in the anticlinal core, where pri-
mary textures are veiled by strong granitization.

For these reasons, the few fold axes plunging south must be regarded as con-
clusive evidence of my interpretation of the central south parts of Tjérn as an
anticlinal crest. The eastern limb of the central anticline has been deformed.
The result of this deformation is a flexural fold on the eastern limb. But this
deformation only occurs in the southern part of that limb. Further north the
same deformation caused the compression of the synclinal fold in the fine-
grained gneisses (Fig. 53).

In earlier chapters the “up and down” relations of the gneisses were treated.
In a later connection the relationships between the gneisses and the granitoid
rocks were discussed. We are now going to study the sections which on the
geological map are marked AA!, BB!, and CC! (Fig. 53).

Observations in the field suggest two limbs of an anticlinal fold in the section
AA!. The presumed limbs dip outwards from each other, but the vertical and
easterly dips at 145.700 make it possible that the presumed anticline is tilted a
little westwards. The septa of medium-grained veined gneiss and amphibolite
are interlayers in the folded mass. They have escaped metasomatic granitization.
In a part of the anticlinal fold there is a slightly gneissic augen-granite. The
gneissosity in this part is very much less pronounced than in the granitic augen-
gneiss. In some parts the rock lacks parallel structures. This rock type which
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Fig. 53. Sections through the reconstructed anticlinal fold, central Tjérn, also showing
the compressed synclinal fold (near B! and C1).

occurs under the presumed flexure, and the previously treated augen-gneiss can,
in the field, be separated by the lack of large-scale structures in the former
(compare the questas) and also by its slightly lighter appearance.

In section BB' the anticline is much more overtilted than in the previous
section. The slightly gneissic augen-granite diminishes due to a plunge in a
northeastern direction. Under the overtilted part of the anticline, there is a
completely non-structured augen-granite, which contains strongly displaced
and rotated fragments of coarse-grained veined gneisses.

The section along the line CC! shows, to the east, the syncline of fine-grained
gneisses and schists, the central part of which is compressed, and thus has steep
dips. The “roofing” position of the gneisses on the granitic augen-gneiss is seen
in the section. The “shadowing™ effect of the amphibolite is also evident from
the unaltered fine-grained gneisses above the amphibolite. The ascending solu-
tions assembled under the amphibolite and caused an intense feldspathization
and mobilization there. The mobilization is evident from the fragments of
amphibolite which are found in the augen-granite at 21.85 and 205.880. But
the transporation of the fragments was surely restricted to very short distances.
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The following observations strongly support the thesis that mobile granites
were formed where the tectonical conditions were favourable for “trapping”
the ascending solutions:

— Augen-granite occurs either under impervious greenstones (as at Roéra) or
under the overtilted anticline as at 15.80 or in the anticline as at 17.70.

— Breccias are found not only in the augen-granite proper, but also in the
pale red, granitic augen-gneiss. There, however, the breccias are restricted to
the eastern border close to the contact to the fine-grained schists and gneisses
which roof the strongly feldspathized augen-gneisses (compare chapter 14 on
breccias).

In this connection it also seems important to point to the following evidence:
The present level of exposure shows the upper part of an anticlinal crest which
is a flexural fold of the eastern limb stretching from Bleket in a northeastern
direction and plunging at its northern end 20° in the direction N 40°—50° E,
and disappearing at 22.75. The crest consists of pale red granitic material, in some
places showing weak gneissosity. Proceeding in the direction of this granitic
crest, the gneisses prove to have steep dips and there is a quartz-feldspar veining
(compare pp. 11—12). Probably the crest of granitic material continues under
the present surface in the direction of the veining. The same solutions which caused
the intense feldspathization seen in the anticline, percolated along the vertical
or nearly vertical planes of foliation in the compressed part of the schist syncline
(from 23.76 to 32.93) and caused the quartz-feldspar veining. (compare pp. 11—
12) The importance of these features lies in their confirming the interdependence
of metamorphism and tectonics (folding). The paths of the ascending metamor-
phosing solutions were determined by the degree of permeability of the bedrock.
The permeability was reduced by flat sheets of amphibolite. Anticlinal arcs
diminished permeability due to the content of phyllosilicates which, when
orientated perpendicular to the flow (that means horizontally or nearly so),
prevented permeation or made it difficult. Where the solutions passed through
the bedrock, moderate changes occurred as in the area of medium-grained, veined
and migmatitic gneisses on western Tjorn. Dips in this area are rather steep,
thus enabling the solutions to pass through. In other areas, as on eastern Tjérn
where dips are flat, the degree of metamorphism is low and secondary micro-
clinization is weak. In places where the solutions were captured under a mantle
of amphibolite or in an anticlinal crest, most intense alterations of the primary
rock occurred. When the amphibolite sheet is less flat as at point 205.816 the
capturing effect does not exist and no intense feldspathization occurred.

It seems as if the depth to which the sediments were buried was of minor
importance for the degree of feldspathization and mobilization compared to
the factors discussed above. Rocks of different metamorphic degree are found
very close to each other (compare Read 1957, p. 357). As suggested, among
others by Marmo, the altering solutions were also transferring heat. If this ex-
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planation is applied to the area investigated the present distribution of rocks is
easily explained. The rocks which were once mobile are found where, for one
reason or other, ascending solutions were captured. In the chapter on breccias
the same phenomenon, namely mobilization of granitic material under an
impervious cover, will be discussed.

CHAPTER 13
Light red augen-granite

The light red augen-granite occupies four distinct areas. The most uniform,
non-schistose augen-granite is found at Rora 210.885 in the lenticular granite
body stretching along and under the flat roof of amphibolite.

The vast areas of augen-granite along the western border of the granitic
augen-gneiss are not so uniform as the geological map implies. A general trend

s that the gneissosity of the groundmass between the augen increases from east

to west. This will be dealt with when treating a locality near Halleback 155.767.
The fourth area of light red augen-granite is near Bleket. On the island of Bock-
holmen, immediately southwest of Bleket, an extremely coarse-grained type
of augen-granite was found. '

The light red augen-granite is easily distinguished from the granitic augen-
gneiss by the absence of gneissosity in the matrix. In the field there is also an
easily discernible difference in the morphology of the outcrops of the two rock
types, owing to the presence or absence of gneissosity. There is, however, a con-
tinuous variation in this respect observed in the granite area west of Stenkyrka.

The grain size of the matrix is generally between 0.5 and 2 mm — the augen
are 5 to 10 mm in diameter. The colour of the weathered surface is light red to
grayish red. The fresh rock is more gray. Microcline is the dominating mineral.
The optical angle 2V is very nearly 78°. The microclines are beautifully cross-
hatched. A rim consisting of round plagioclase grains, 0.1-—0.3 mm in diameter,
often borders the microcline augen, which are most often round or a little elon-
gated. Where the granite contains fragments of supra-crustal rocks, as for instance
at Rora, some of the augen are idiomorphic (see Fig. 54). Where the granite brec-
ciates supra-crustal rocks, the augen are monocrystalline and have a slightly
violet tint. However, their composition is that of ordinary microcline.

The plagioclase is generally strongly sericitized except along a thin dust-
free border zone. Remnants of plagioclase are also found in the cross-hatched
microclines (Fig. 55). The composition of the plagioclase is that of albite-oligo-
clase. The biotite is brown. Hornblendes are found in small quantities in the
matrix. An iron-rich epidote also occurs there. Quartz is found as undulatory
small grains, with sutured boundaries.

On the island of Bockholmen an extremely coarse-grained granite type is
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Fig. 54. ldiomorphic microc-
line with albite rim. Augen-
granite. Rora 206. 880.

encountered. Observations prove that this type of granite does not border dist-
inctly the granites of similar composition but of ordinary grain size. The
coarse granite, here called gross-granite, is grayish pink which is the colour of
the dominating mineral — the potash feldspar. There are crystals of K-feldspar
up to 10 cm long. Between the very large potash feldspars there is a subordinate
mineral mesh with biotite and quartz as megascopically discernable minerals.

The matrix also contains medium-grained plagioclase which is secondarily
altered to a high degree. It contains plenty of clinozoisite (length 0.04 mm) and
sericite (length 0.2 mm). Calcite was also found in the plagioclase. Its composition
was determined in both altered and fresh crystals. In the latter the anorthite
content is 30 9, in the former 5—15 9,. In the sericitized plagioclase the mus-
covite flakes are orientated parallel to (010). The biotite in the matrix is yello-
wish brown to light green. Titanite is frequently found together with the biotite.

Though the large potash feldspars are single crystals, they are far from
homogeneous. They contain inclusions of quartz, biotite, and often milky white
plagioclase. The plagioclase is sometimes seen to form a coating about one mm
thick around the potash feldspars. These are veined by minute albite veins.
The plagioclase in the border, which consists of small discrete grains, contains
plenty of clinozoisite. The plagioclase of the inclusions is thus identical to that
of the surrounding matrix. The optical angle 2V of the gross-feldsparsis 80°to81".

A chemical analysis of matter from one of the augen in the gross-granite
from Bockholmen has been performed:
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Fig. 55. Remnants of plagioclase in microcline. Nic. . 25 X.

Table 18. Chemical composition of feldspar augen, Bockholmen
% by weight
510, TiO, ALO; Fe O, CaO Na,O K,O
64.82 0.06 18.65 0.45 0.88 1.99 12:69

Computed feldspar

- composition: Or

— 77 %, Ab = 18 %, An = 5 %

Table 19. Chemical composition of augen-granite

% by weight

Locality

Si0,

TiO,

Al O, [Fe,O,

FeO | MnO

MgO | CaO |Na,0[K,O |HZO*IH20+

165.738

65.94

0.84

13.54°] 1.98

3.34¢ 10.10

.92 | 2.74

2.36 | 4.91

0.10

1.09

Niggli values:
al = 334, fm = 31.4, c = 12.4, alk = 22.8, si = 278, k = 0.58, ti = 2.5

It has granular augen and a gneissic matrix — thus showing transitions to the

granitic augen-gneiss.

THE OUTCROPS NEAR HALLEBACK

The next section will deal with a more intricate part of the augen-granite.
|
;

Along the road to Hillebick 155.767 which traverses the southern part of
| : ;
| the western granite area, there are several outcrops showing features that
\

indicate beyond doubt that the granite has behaved in a mobile way. These

features are breccias with strongly displaced fragments of fine-grained supra-
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Fig. 56. Augen-granite with fragment of veined gneiss. Hillebick 155.767.

crustal rocks and fragments of veined gneisses lying in the coarse augen-granite.
But there are also features such as gradational transitions from true supra-crustal
rocks over augen-gneisses to non-structured augen-granites indicating a meta-
somatic origin of the granite. Fig. 56 shows the normal brecciating character
of the augen-granite with strongly displaced fragments of veined gneisses. This
granite has non-granular augen and is found in the eastern part of the granite
body. Further westwards there are supra-crustal discs in the augen-granite.
These fine-grained, often mafic discs are transformed into augen-gneisses in their
lateral parts, with a distinct gneissosity formed by biotite schlieren (Fig. 57).
Further away in a direction perpendicular to the strike the gneiss character
successively disappears. Decreasing gneissosity is quite naturally observed when
mobility increases.

The augen are granular as long as the matrix still has a gneissic structure. Non-
granular augen consisting of one single or a subordinate number of crystals are
found in the brecciating granites. Even if this generally holds true there are
several exceptions. There are augen close to each other — one granular and
the other consisting of few large potash-feldspar crystals. There are examples
of beautifully rounded augen with a diameter of 20 mm having a 5 mm thick
outer rim of uniformly crystallized pale red to pink potash feldspar, surrounding
a grayish mesh of plagioclase and quartz (Fig. 58).



PETROLOGY OF THE T‘](iRN AREA IN WESTERN SWEDEN

Fig. 57. Microcline porphyroblasts in mica-rich matrix. Hallebick 155.767.

{e}

(8;]

The granular augen are light gray. When recrystallization increased the size

of the crystals in the augen these became pinkish. A microscopical study reveals

that the granular augen consist of 0.5 mm large plagioclases, which are strongly

| dusty, cross-hatched microcline, and some undulatory quartz. The plagioclase-

microcline ratio determines the colour. When plagioclase still dominates, the

colour is gray — the pinkish tint comes with increasing microcline content

Two augen of similar grain size — one gray and the other reddish — were

taken out of their dark matrix and partially analysed. Mafic constituents were

separated by means of bromoform. The results of the analyses are given below

in Table 20.

(which also depends-on the grain size) and a less mafic matrix.
|
|
|
\

Analyses and computed formulas support the results reached by microscopy,

| viz that the reddish colour is coupled with the potash-feldspar content.

The orientation of the “internal” biotite is, as it seems, arbitrary.

The augen lie in a very biotite-rich matrix. They often contain flakes of biotite.
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Fig. 58. Round, polycrystalline augen in a gneissic matrix. Halleback 155.767.

Table 20. Chemical composition of gray and red augen, Halleback

Type % by weight
SiO, TiO, Al O, Fe, O, CaO Na,O I K.O
|
Gray augen .| 65.80 0.06 19.31 0.55 1.26 200 10.10
Red augen .| 65.37 0.04 19.06 0.51 0.77 251 1122

Computed feldspar composition
Gray- augen: Or = 669, Ab —26'%, An =89
Red augen: Or =71 %, Ab =125 %, An = 4%

DISCUSSION ON THE ORIGIN

On pages 82—88 the origin of the granitic augen-gneiss was discussed,
and the observations were, according to the opinion of the author, satisfactorily
explained.

The gray and pink, rounded augen of polycrystalline matter, such as those
seen in Fig. 58, cannot be explained in the same way, however. The following
events are the possible explanations of this type of augen formation;

1. The original matter was of mafic-calcic composition and of volcanic or, more
probable, of sedimentary origin.

2. The processes forming the rounded plagioclase clusters were of the same type as
those responsible for the formation of cigar or spindle structures found in the leptites of



PETROLOGY OF THE TJORN AREA IN WESTERN SWEDEN 97

Central Sweden (Geijer 1923, Magnusson 1925, Hjelmqvist 1942, and Bergstrom 1959).
An important difference between the cigar structures of Central Sweden and the augen
from Hillebick is that the latter form rounded clusters contrary to the cigars and
spindles of the leptites. The round clusters must have been formed during a static
phase — the fusiform clusters in the leptites during a dynamic phase (compare Berg-
strom 1959, p. 666).

3. The plagioclase has partly been replaced by potash feldspar. This seems to be a
rule within the investigated area. The new-formed potash feldspars readily form mono-
crystalline augen. Naturally the question arises how the porphyroblastic augen were formed
but before discussing this the following facts have to be stated:

a) The primary clusters are fine-grained and contain a high percentage of plagio-
clase. b) Potash feldspar replaces the plagioclase except along an outer zone — other
minerals remain unaffected by the potassium metasomatism. ¢) Simultaneously with
the feldspathization the new-formed microclines recrystallized into a joined lattice.
This lattice was partly capable of freeing itself from foreign mineral lattices either by
rejection or resorption.

The primary plagioclase-dominated clusters were the result of specific PT
conditions, favouring a concretionary accumulation of plagioclase matter to
certain spots. The country rock in which they grew could easily deliver plagio-
clase matter in sufficient amount by short-distance transport. (Clusters of fine-
grained plagioclase of similar type as those found in the gneisses, but generally
very much smaller, are observed in amphibolites subject to special pressure-
temperature conditions.) The conditions did not favour the formation of large
plagioclase crystals.

The formation of microcline porphyroblasts which in this case is a trans-
formation of the plagioclase clusters, must according to Drescher-Kaden (1948)
have taken place by means of solutions surrounding the growing porphyroblasts
(p. 219). This is necessarily the case when, for instance, potash-feldspar por-
phyroblasts are formed in an amphibolite which in itself is devoid of potash felds-
par (compare p. 69 in this paper).

Drescher-Kaden also gives an explanation of the formation of porphyroblasts
with a rim of minerals from the groundmass. He regards the porphyroblast as
being capable freeing itself from of the minerals foreign to it and of incorpo--
rating other minerals in its lattice. The former occurs when the solutions
are still in an active phase. In a less active phase, the solutions are not
capable of the intense dissolving of inclusions — this resulting in a rim of mineral
fragments in the porphyroblasts (op. cit., pp. 219—223).

If these ideas are applied to the augen-bearing rocks at Hillebick they are
easily understood. The potash-containing solutions, which also supplied heat,
collected in the sites of the plagioclase clusters and transformed the plagioclases
there to microcline perthite. Biotite which occurred in the clusters was foreign
to the porphyroblast, and was thus rejected from the lattice. On the other hand
the albite component of the plagioclase is in this case akin to the porphyroblasts,
and is thus incorporated and forms the albitic veins of the microcline perthite.

7—630230
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When the activity of the solutions was declining, the plagioclases were not trans-
formed but enclosed in the consolidating microcline crystal (cf. Ljunggren
1954, p. 73). Eskola (1952) has described granitization starting with the
formation of veined gneisses (p. 136) but also how gneissic rocks with
porphyroblasts were gradually transformed into augen-granite. Lacy (1960)
assumes that the microcline augen in a granite formerly were porphyroblasts.

The investigation of the augen-granite on Tjérn shows that there is no funda-
mental difference between the granitic augen-gneiss and the augen-granite.

MOBILITY AND PORPHYROBLAST FORMATION

The mobility of the augen-granites is estimated 1) by the ability of brecciating
supra-crustal rocks, and 2) by the type of augen. This has been touched upon
earlier (compare p. 94). Idiomorphic augen and mono-crystalline augen occur
where mobility has been high. A possible explanation of this is proposed by
Ljunggren (1954). He says, “During these transformations, especially at the
rebuilding of plagioclase into microcline, the lattice is naturally in a very active
state, and to a certain degree also mobile” (p. 62). This is surely one of the
factors causing mobility of the augen-bearing rocks on Tjorn. But there is an-
other factor: the high content of hot solutions which were necessary for the
transformation of plagioclase into microcline. These factors are intimately
interdependent and co-operate to the same goal: namely the complete trans-
formation of plagioclase into microcline. Both heat and water content increased
mobility.

The geological environment where these factors converge is at places where
ascending solutions for some reasons were trapped. In the present case that
happened under the isoclinally overtilted anticline. Thus the brecciating granite
is found to the east and far under the roof. The described gneissic augen-rocks
are found further west where the roofing effect of the overtilted anticline is less
pronounced, and thus the capturing effect was also less pronounced. Certainly
both the composition of the initial matter and the position of this matter in
relation to tectonical units were important for the transformations.

The next chapter concerns breccias — a secondary effect of the mobility
of the granite.

CHAPTER 14
Breccias

The investigated area gives a clue to where and why breccias occur. This
was mentioned briefly in earlier chapters. A short recapitulation is justified,
however. Breccias are found along the eastern contact between schists and augen-
gneiss, under the roof of the amphibolite at Réra, and along the eastern contact
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of the western granite area. The mentioned breccias occur along borders and
are explained by a more or less pronounced local mobilization of the matter
under the roof, which captured the ascending solutions. Where they were accumu-
lated a mobilization occurred.

In this chapter we shall consider another type of breccia which can only be
found in connection with minor occurrences of mafic rocks. The most spec-
tacular breccia of this type is situated on the island of Pater Noster 005.526.

THE BRECCIA OF PATER NOSTER

During the years of 1882 to 1885 Blomberg visited the island three times.
According to his field books he described the rock on the island as a mosaic of
angular diorite fragments in a gneiss. On his last visit he modified his first con-
clusions, now regarding the brecciating rock matter as a granite. Beside these
very vague statements, he gives no information on the petrography of the rocks
on the island nor any interpretation of their genesis.

The distribution of the rock types is seen in Fig. 59, a map of the island. Three
main zones are distinguishable: one western, one central, and one eastern zone.
They strike N 40°—45° E and are thus conformable to the general direction of
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Fig. 61. Fragments in augen-granite. Central zone, Pater Noster.
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Fig. 62. Fragments in “mobilized’” gneiss. Western zone, Pater Noster.

the strike in the Tjorn area. The dip is vertical or steeply westerly. In the central
and eastern zone, the breccia character is very striking. Fig. 60 shows a general
view of the central part with the dark inclusions. Fig. 61 is a detail of the same
part. Fig. 62 is from the western zone showing fragments of different rock types
in mobilized gneiss. Fig. 63 is from the eastern zone. The adjacent skerries show
monotonously uniform rock types and are devoid of breccias.

ROCK DESCRIPTIONS

The central zone is characterized by its high content of angular mafic frag-
ments of sizes from 15 cm to one m in diameter. Some fragments show parallel
structures but some are completely non-structured In the gneissic types the schis-
tosity is marked by thin layers of light minerals: plagioclase and subordinate
quartz. These layers are one mm thick or thinner — the intercalated dark
layers are of 5 to 10 mm thickness. They consist mainly of uralitic hornblende,
which is orientated almost parallel to the light layers. The grain size is 0.2 to
0.4 mm. The primary pyroxene, which is frequently found in the cores of the
amphiboles, has birefringence = 0.017 and 2V more than 60°. According to
Troger (1959) this is a clinohypersthene containing 33 mol. 9 of ferrosilite.
The uralitic hornblende has changed into a biotite with Z pale green and X
yellow. The biotite has ragged edges.
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Fig. 63. Amphibolitic gneiss as an inclusion in even-grained granite
which is an inclusion in augen-granite. Eastern zone, Pater Noster.

The unaltered plagioclase has a mean composition Ang,, but most of the
plagioclases are strongly secondarily altered, in which case they are clouded
with epidote and sericite. They often form hypidiomorphic grains. Undulatory
quartz grains occur in small amounts. Ore and chlorite are accessory constituents.

These petrographical features do not coincide with those of a supracrustal
amphibolite, a rock type very frequent in the Tjoérn area. The amphi-
bolites in the area are characterized by a plagioclase which is far more albitic
than the one found here, and their hornblende is in no case proved to be
uralitic. The features of the present rock rather imply a deep-seated origin, pro-
bably closely connected with the next type of rock described, namely the mass-
ive mafic inclusions.

The main constituents of this rock (grain size 0.2 to 2 mm) are hornblende
and a brown and yellow biotite. The biotite is secondarily formed from horn-

blende. Plagioclase occurs as laths without preferred orientation in the mass of

mafic minerals. Some of the plagioclases have a somewhat lower anorthite
content in their rims as compared to their central parts. The anorthite content
in the cores varies between 25 and 45 9. Clinozoisite with anomalous blue
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interference colours is found in the plagioclase and is evidently an alteration
product, more fre quently occurring in the albitic plagioclase than in the
anorthite-richer ones. As mentioned above, the plagioclase is lath-formed and
constitutes — together with the mafic minerals — a doleritic texture. The com-
position of the rock type is that of a diorite. The massive fragments are more
frequent than those with gneissic structure.

Field observations indicate that displacement of the fragments in the central
zone has been moderate. It seems reasonable to suppose that the mafic rocks
once formed a continuous dike, which was later brecciated by the augen-granite.
The brecciating augen-granite will be dealt with when all types of fragments
in the three zones have been treated, because the same augen-granite is found
in all of them.

The eastern zone is not so spectacular as the central, but is, from a geological
point of view, extremely interesting. This part of the island consists of a hetero-
geneous breccia, and the fragments are of different genesis. The fragments
belong mainly to the supra-crustal rock series described in chapter 2. There are
fine-grained schists, medium-grained veined gneisses of the same type as those
encountered on western Tjorn, and amphibolites of the same kind as those
found at several places on Tjorn, as for example Rora, and Hakeniaset 31.76 (com-
pare p. 22). There are also pegmatitic fragments. A gray medium-grained
granitic rock occurs as inclusions, too. Some of these fragments contain, in their
turn, fragments of the more or less metamorphosed supracrustal rocks. Thus there
are two generations of brecciating granite, Fig. 63. There are also fragments of
massive, medium-grained, dark green hornblendite.

The fine-grained supra-crustal fragments have a general grain size of 0.3 mm
(though the grain size in some fragments reaches 0.8 mm) . The parallel structure-
which is always present, depends on biotite in thin layers. Two typical frag-
ments have been volumetrically analysed. The results are seen below:

% by vol.
Quartz Microcline | Plagioclase | Biotite Epidote Muscovite
31 19 27 13 4 6
32 15 26 2l — 6

The quartz is strongly undulatory with intricately sutured boundaries. The mic-
rocline is clear and fills the interstices between the other minerals. The plagioclases
show hypidiomorphic forms. The biotite is pleochroic with Z brown and X light
yellow. Apatite, calcite, clinozoisite, and ore grains are found as accessory
minerals.

The pegmatite inclusions are light pinkish with a grain size up to 10 mm,
sizes of 0.1 to 0.4 mm being predominant. The parallel alignment of the minerals
shows that the pegmatite fragments are of the same type as the pegmatitic beds
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occurring in the fine-grained gneisses at, for instance, Rortingen and on the
island of Katten. The plagioclases are strongly dusty and of albitic composition.
The microcline is younger than the plagioclase. and behaves transgressively
against both plagioclase and quartz. There are accumulations of small
quartz grains along the borders of the microclines. There are also quartz grains
inside the microclines. Greenish brown biotite is found in the pegmatite, which
both in general appearance and petrographically is very similar to those found
within the schist area (cf. p. 18).

The fragments of veined gneisses, which are similar to those found in the
western area of Tjorn, have not been microscopically investigated. Megas-
copically, however, they do not differ from the common types of veined gneisses
found elsewhere in the area, and their origin is obviously the same.

The fragments of light gray plagioclase granite are partly completely non-
structured and partly have a slight gneissosity. These fragments are rounded. They
also contain fragments of supra-crustal rocks. This fact is indicated on the map
and is seen in Fig. 63. The grain size varies between 0.2 and 1.5 mm. The plagio-
clases are often slightly larger than the other minerals. Strong secondary altera-
tions forming a dust of clinozoisite, sericite, and some calcite have reduced the
primary anorthite content, which has certainly been considerably higher than
at present (8—15 9).

Volumetrical analyses of two typical granites of this type are given below:

% by vol.
Quartz Microcline | Plagioclase | Biotite | Muscovite Epidote
35 21 23 I 10 8 3
26 12 28 10 9 15

The quartz is in part strongly undulatory and shows intricately sutured bound-
aries, but there is also quartz with even boundaries. In the latter case wavy ex-
tinction is moderate or absent.

The microcline is clear in most of the investigated thin-sections. Perthites are
not frequent. The microcline is, in minor amount, interstitial — most of it
appears as xenomorphic grains which are integral parts of the mineral as-
sociation.

The plagioclase — contrary to the microcline — has a slight idiomorphism,
and generally forms the largest grains thus looking like augen.

Accessory minerals are apatite and magnetite.

The composition of this gray plagioclase granite differs in no significant way
from the rock types described in chapter 8 on “light gray granite”. The gray
granite forming a triangular area on southern Tjorn contains fragments of
amphibolite, schists, and veined gneisses. It seems most probable that the plagio-
clase-granite fragments found on Pater Noster were, before brecciation, united in
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a larger mass of gray plagioclase granite which contained fragments of the supra-
crustal rock series, identical to the area on southern Tjorn.

The western zone does not exhibit any new type of fragments. The main
rock type in this zone is a migmatite, which already during the field work was
classified as a mobilized gneiss. The bulk of the rock is gray and finely
medium-grained. The composition is granitic. The structure is generally slightly
gneissic with the micas forming planes of schistosity. Within this mass there are
frequent minor fragments of the same rock types as those described above (see
Fig. 62). The “mobilized gneiss” has, in places, phenocrysts or porphyroblasts
of plagioclase.

The composition of the gneiss is:

% by wvol.
Quartz Microcline | Plagioclase | Biotite | Accessory minerals
37 o 19 22 1

The augen-granite which appears in all three zones is characterized by its
purplish red microcline augen of a diameter of 10 to 20 mm. They are usually
round — however, both lenticular and idiomorphic augen were observed. There
is often a whitish gray rim around the augen.

These augen lie in a dark groundmass dominated by biotite. Quartz, feldspars,
hornblendes, and garnets are megascopically recognizable. The microcline
augen are either cross-hatched or of vein type. Where the veins reach the border
of the feldspar, they are often considerably wider, thus making the veins look
funnel-shaped. These “funnel” vein perthites occur in connection with strongly
undulatory quartz. Where the perthites are of grid type, the quartz is less un-
dulatory. This gives a suggestion on the origin of the vein perthites; the funnel-
shaped veins are the drainage system for the albite component (cf. Gates 1953).
This drainage system was opened during the same tectonical phase as that which
deformed the quartz lattice.

Around the potash feldspars there are zones of very small (0.1 mm), com-
pletely sassuritized plagioclases. These small plagioclases are, in their turn,
surrounded by a dust-free rim. This rim is absent where the small plagioclases
are in contact with quartz. Outside the complex augen there is often an ac-
cumulation of small clear potash feldspars of the same size as the plagioclase
inclusions in the augen.

The matrix is dark. It contains quartz, plagioclase (An,,), brown biotite,
hornblende (¢/Z 19° X yellow, Z dark green), clinozoisite, pistacite, garnet, ore,
titanite, and apatite. It should be noticed that potash feldspar is only observed
adjacent to the augen and not as an integral mineral component.
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DISCUSSION

The formation of the augen-granite has followed the scheme lined out in earlier
chapters. The porphyroblastic augen were formed from solutions containing the
necessary components. The plagioclase rims are relicts which have escaped
microclinization. The primary material is believed to have been of a sedimentary
origin. The processes forming the potash-feldspar porphyroblasts are identical
to those discussed on pages 96—98. Thus potash- and silica-bearing solutions
have transformed the pre-existing plagioclases to microcline perthites. When
the sediments were sufficiently soaked, but also heated by these solutions, the
transformation plagioclase — microcline perthite took place. A certain degree
of mobility accompanied this transformation. Undoubtedly the high content
of water, too, made the rock matter mobile. Sufficiently great accumulations of
ascending solutions with K and Si were reached under the impermeable mafic
rock. Thus the formation of the granite and the brecciation of the mafic dike by
the new-formed granite may be explained in the same manner as the formation
of the augen-granites under the amphibolite roofs and in similarly roofed posi-
tions. The mafic, non-permeable rock is thus the necessary condition for the
formation of the granite.

In the western zone there are no sharp boundaries between the mobilized
gneiss and the augen-granite, but this fact is readily understood as the augen-
granitic matter is derived from the gneisses; thus there must be transitional
boundaries between the two rock types.

The central zone — which is a spectacular breccia — reminds one of the
agmatite of Sederholm (1923). According to Sederholm’s definition, the agmatite
consists mainly of basic fragments included in a granite (op. cit., p. 117). Seder-
holm also explains the formation of an agmatite, “. .. the metabasalts . . . have
been brittle rocks, and devoid of well developed schistosity which would cause
a more intimate ‘lit par lit’injection. All these circumstances explain why we
observe mainly such stages of granitization where ‘agmatites’, i. e. breccias with
angular fragments were formed” (op. cit., p. 128).

The central zone of Pater Noster is, in the sense of Sederholm, an agmatite.
The reason for the formation of angular fragments is the same as given in the
quotation above. No doubt the diorite of Pater Noster reacted in a brittle way,
which the angular fragments indicate. The eastern zone of Pater Noster is, how-
ever, not an agmatite but a common breccia. It should be emphasized that the
fragments of the gray granite are rounded and not angular. Possibly this is an
indication that this rock type was tough and reacted in a less brittle manner
than the diorite.

The present distribution of rocks on Pater Noster can be explained in the
following way. The primary rocks were gneisses. Part of them were brecciated
by the rock matter now forming the plagioclase granite (tonalite). (Similar
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tonalite breccias are found on southern Tjorn, (cf. p. 51.) Along the border
between gneisses (to the west) and plagioclase granite with inclusions of supra-
crustal rocks (to the east) the diorite intruded. The marginal zone of the diorite
received a slight gneissic texture. The diorite acted as a plug for the ascending
solutions which collected under it. Intense transformation of the supra-crustal
rocks then took place and the augen-granite was formed. This new-formed
granite acted in a mobile way and intruded into the broken diorite. However,
the adjacent tonalite with supra-crustal inclusions was also broken up by the
same forces as those which deformed the diorite, and the mesh of augen-granite
intruded into this rock as well. The rounded forms of the tonalite inclusions can
also be the result of a slight assimilation (cf. Fig. 63). There are some observa-
tions indicating that the augen-granite corrodes the plagioclase granite. That
would explain the non-angular form of these fragments. The close genetical
relationship between the migmatite and the augen-granite is demonstrated by
the transitional boundaries between them.

THE BRECCIA ON STORA BUSKAR 050.575

On the western point of the island there are two minor breccias of great
interest. The brecciating matter consists of the same augen-granite as on Pater
Noster, but the brecciated matter is a little more uniform than on Pater Noster.
There is, however, one similarity between the two breccias and that is that the
augen-granite is closely connected to an occurrence of a mafic rock — in this
case a dolerite.

Fig. 64 is a map of the western breccia on Stora Buskir. The bedrock consists
of migmatitic veined gneiss with amphibolitic beds. The main strike is N 50° E
and the dips are vertical or steep easterly. The migmatite is agmatitic: amphi-
bolite-gneiss fragments are interwoven by light, medium-grained, granitic
matter. The felsic parts of the gneiss became mobile and filled the space between
fragments of the amphibolite-gneiss which was brittle and non-plastic (Fig. 65).
The microscopical investigation proves that the brecciating rock matter has the
same mineralogical composition as the surrounding gneisses. The main mineral
is plagioclase. The rock shows signs of having been subject to potassium metaso-
matism. Potash feldspar replaces the plagioclase. The plagioclase/potash-feldspar
ratio is the same in the brecciating matter as in the gneisses. The brecciating
matter is evidently a mobilized gneiss similar to the rock type occurring on
western Pater Noster.

Within the agmatite and veined gneiss there is a composite dike striking
E—W and dipping vertically or steeply south. This dike is 3—4 m wide
and can be followed for 40 m.It consists of fragments of fine-grained, green-
ish black dolerite, plastically deformed veined gneiss, and angular amphibolite
in augen-granite. The dolerite fragments are corroded by the augen-granite
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Fig. 64. Breccia on Stora Buskir 044.576.




PETROLOGY OF THE TJORN AREA IN WESTERN SWEDEN 109

Fig. 65. Amphibolite-gneiss fragments interwoven by mobilized gneiss.
Stora Buskir 044.576.

(Fig. 66), except along cracks which were formed in a late stage when the cor-
roding effect of the augen-granite had ceased.

In the largest dolerite inclusion there are fragments of a light gray gneissic
rock. The fragments are corroded by the dolerite. The dolerite is also lighter in
a 30 cm wide zone around the gneissic fragments. The contact relationships
indicate that the gneissic rocks are inclusions, which have been corroded by the
dolerite. Parts of the inclusions have been assimilated by the dolerite and have
altered the composition of the doleritic magma around the fragments. This
can be seen from the lighter colour.

The field observations are interpreted in the following way:

1. The bulk of the rock consisted of a sedimentary pile of varying composition. It gave
rise to amphibolite and felsic gneisses.

2. During metamorphism and tectonization the mafic rocks were subject to brittle
deformation. The felsic rock matter became mobile. This mobile mass was pressed out
into the cracks between the amphibolite fragments.
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Fig. 66. Corroded dolerite fragments in augen-granite. Stora Buskir 044.576.

3. When PT conditions were lowered to that point when the rock became brittle,
it was intruded by a doleritic magma. Fragments from the wall rock were incorporated
by the dolerite and became partly assimilated.

4. The augen-granite is geographically restricted to the immediate vicinity of the
dolerite dike, which was brecciated by the augen-granite. The granite used the same
path of intrusion as the dolerite.

5. Possibly the dolerite dike is responsible for the formation of the augen-granite because
of its roofing effect — thus in analogy to the factors causing formation of the augen-
granite described earlier.

Only 30 m south of the described dolerite dike brecciated by the augen-
granite there is a similar but smaller dolerite dike which is also brecciated by
augen-granite. There are no connections between the two granite occurrences
in the present surface. The granite is restricted to the two doleritic dikes.

OTHER AUGEN-GRANITE OCCURRENCES CONNECTED WITH MAFIC ROCKS

On the island of N. Teste 045.596 there is a massive medium-grained diorite.

This mafic rock is penetrated by augen-granite which has corroded the mafic
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Fig. 67. Penetrating and corroding augen-granite. N. Teste 045.596.

fragments (Fig. 67). Similar formations can be seen at several other places
together with massive mafites. On the eastern point of Klidesholmen 102.645
there is an amphibolite-gneiss fragment in the migmatite. The central parts of
the fragment have been penetrated by augen-granite. This rock is also
found on the contacts immediately around the amphibolite fragment, but not
elsewhere. The same phenomena are to be seen on Vannholmarna 06.61 and
Viggen 090.612 and on the island of Tjorn at point 167.718.

From these examples of small augen-granite occurrences it is evident that it
is the mechanical properties of the mafic rocks (and not their petrographical
properties) which are important for the formation and fixation of this augen-
granite.

The dolerite with quartz inclusions found between Stenkyrka and Skar-
hamn at 16.74 is penetrated by augen-granite, too. This mafic rock differs from
the dolerite on Stora Buskir in the presence of ellipsoidal, milky blue quartz
inclusions of up to 6 mm length, occurring in the most fine-grained parts of the
dike. The inclusions consist of many undulatory quartz grains. They also contain
small blebs of potash feldspar. The matrix consists of plagioclase laths and
chlorite. In the central parts of the dike pyroxene is preserved. The texture is
doleritic. In the middle of the dike the grain size reaches up to 5 mm whereas
the marginal parts are fine-grained and show a slight schistosity. In the coarser
parts cubes and octahedrons of magnetite are to be observed.

Because of the large augen-granite occurrence east of the dike, it is not remark-
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able that some of the most mobile parts of this granite have penetrated the
mafic rock.

DIKE OF AUGEN-GRANITE

Augen-granite has been found at one place, forming a dike in other rocks
than mafic ones. The dike cuts through the migmatite. It is found on Klides-
holmen and is marked on the map. It traverses the eastern point of the island.
It is 80 cm wide, strikes N 40° E and dips 85° NW. The adjacent bedrock strikes
N-—S. The dike contains fragments of veined gneiss. The augen in the dike have
a violet tint and are hypidiomorphic and monocrystalline. The matrix has a
moderate gneissosity parallel to the boundaries of the dike. This is the only
place where granite of this type is found without any obvious connection with
a mafic rock.

This dike proves that the augen-granite has acted independent of mafic rocks
and in a mobile or pasty way. It has been emplaced when the PT conditions
were such that the migmatite was brittle and thus formed cracks, which were
filled with mobile augen-granite matter.

CONCLUSIONS ON THE BRECCIAS

Goodspeed (1953) has dealt with different kinds of breccias. He distinguishes
between 1) igneous plutonic breccias, 2) replacement breccias, and 3) rheo-
morphic breccias.

The first type is characterized by angular fragments often disturbed by mag-
matic flow and influenced by deuteric metamorphism. The surrounding matrix
can contain typical phenocrysts. It displays flow structures and there are also
finer-grained borders towards the fragments.

The second and third types of breccias have many characteristics of the
matrix in common. The matrix contains typical porphyroblasts showing various
stages of development. The matrix shows no finer-grained borders against the
fragments. In a replacement breccia the fragments are undisturbed. According
to Goodspeed the replacement breccia is caused by granitization commencing
along a joint system. The replacement breccia is formed during static conditions,
and this is a characteristic feature.

The third type is the rheomorphic breccia. The matrix contains beside por-
phyroblasts idiomorphic phenocrysts. The fragments of the rheomorphic breccias
are either rounded or angular and sometimes also plastically deformed. In this
type of breccia they are always markedly displaced. The rheomorphic breccia
was formed by movement of metamorphosed rock material. The relationship
between the two last described types of breccias may be understood by quoting
Goodspeed, “Many mobilized and rheomorphic breccias are similar to replace-
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ment breccias, since they have been derived from them during a later stage of
granitization. They exhibit features indicative of plastic flow ...”
p. 466).

If the system for subdividing breccias proposed by Goodspeed is adapted to

(op. cit.,

the breccias in the Tjorn area described above it is evident that the ortho-
magmatic plutonic type of breccias has not yet been encountered. The breaking
up of the amphibolite seen on the map of Stora Buskir is a rheomorphic breccia.
The other breccias as well, such as those forming the central and eastern zone
of Pater Noster and the augen-granite breccia on Stora Buskir, are rheomorphic
breccias in Goodspeed’s sense. but more displaced. In the breccias there was a
local mobilization of the metasomatized mass. Relicts of lower metamorphic
degree than the augengranite are found as dislocated fragments in this granite.

The treated breccias are evidently younger than the main period of migma-
titization, though the formation of the brecciating augen-granite is a result of
the same processes which caused the migmatitization.

The dike of augen-granite on Klidesholmen is considered to be a rheomorphic
dike. Possibly the granitic dike is connected with the coarse-grained granite on
Bockholmen (cf. pp. 92—93). The formation of this very coarse granite requires an
abundance of heat-bearing solutions. Thus it is probable that the new-formed
granite was so mobile that it could intrude into a joint and form a dike as the
one found on Klidesholmen.

CHAPTER 15
The norite-anorthosite complex on the islands of Bratton and Algon

The bedrock of these islands has previously been a subject only for brief
investigations. Svedmark (1888) just mentions the pyroxene-bearing rocks. In
the description to the geological map of Gothenburg Blomberg (1902) describes
the gabbro which is surrounded by schists and gneisses. He concludes that the
gabbro (which in fact is a norite) forms laccolithic bodies in the schists.

Ljungner (1927) called the rocks on Bratton and Algoén the “Hakefjord
massive”. He gives a short survey of the field relationships and describes the
noritic rock with its anorthositic “segregations”. He regards the mafic rocks as
an initial basic precursor to the sub-Jotnian rapakivi-granites.

Sederholm (1928) paid a short visit to Bratton. He fully accepted and endorsed
the ideas of Ljungner (p. 75).

As seen on the map and in Fig. 68 the sediments dip towards the mafic bodies.
On the northern shore of Bratton the sediments are steep or vertical. This zone
of vertical sediments continues northwards, over the islands of Aggelés 31.61
and Lovon. The zone of vertical dips does not continue south of Bratton.

The contacts between the gneiss and the norite are distinct. The grain size

8—-630230
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Norite

Fine-grained gneisses
with pegmatitic beds 4

Fig. 69. Gneiss fragments in norite. Bratton 334.577.
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Fig. 70. Anorthosite fragments in norite. Algon 242.587. Height of the cliff about 25 m.

in the norite does not decrease near the contacts, except in the breccias. The
gneiss is not altered on the contacts to the norite.

The breccias in which the grain size of the norite is smaller than usual occupy
several square metres, Fig. 69. They contain fragments of fine-grained gneisses.
Fragments bigger than 30 cm have not been observed. They are extremely dis-
ordered. Some fragments are corroded. The norite in the breccias is generally
a little lighter than in the norite body proper, due to hybridization. These
breccias are in the sense of Goodspeed (1953) igneous breccias, and prove the in-
trusive behaviour of the norite.

The norite also contains inclusions of greenish white anorthosite, Fig. 70.
The size of the inclusions varies from a few ¢cm up to 15 m. The inclusions are
most frequent on the southeastern part of Brattén and on the east and west parts
of Algén. In other parts of the islands there is hardly any anorthosite at all.

NORITE

The norite is often rusty brown in colour, due to weathering. Apart from the
weathered surface there are two kinds of norite: one altered and the other un-
altered. The unaltered norite contains no hornblendes — in the altered norite
all pyroxenes are more or less secondarily altered into hornblende. The grain
size is 1—2 mm.

In the unaltered norite more than 50 9, of the rock volume consists of hypi-
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Fig. 71. Needles of rutile in plagioclase. Norite. Bratton. Ord. light. 100 x.

diomorphic plagioclase which most frequently is twinned according to the
Albite law. It contains 47—48 9, of anorthite. The plagioclase has exclusively
low-temperature optics. The cores of the plagioclase contain clusters of dark
brown needles forming a characteristic pattern, Fig. 71. They have optic pro-
perties indicating that they consist of rutile. The plagioclase has also, occasionally,
a rim of a slightly more albitic composition.

The orthorhombic pyroxene has 2Vx = 68—70° ny = 1.690 (red),n, =
1.702 (green). That corresponds to a hypersthene with 30 9, of FeSiO;. In some
thin-sections, another pyroxene was observed, but sparsely. It is metallic gray,
has high refringence, low birefringence (0.01), and 2Vz = 78° c/Z = 33°.
It is not pleochroic. It has a striation // (010), which possibly is a twinning, as
the optical properties are rather peculiar. Krokstrom (1932) has described a
similar pyroxene from the mafic Breven dike in Central Sweden. He discusses
the striation as a possible twinning, but draws the conclusion that the simple
mineral must show similar optical properties. Thus, “the abnormal optical pro-
perties ... cannot be explained by assuming a polysynthetical twinning only,
and consequently the question arises what kind of pyroxene it is” (p. 279).
Krokstrom assumed that the mineral is jadeite. Probably the Bratté pyroxene
is jadeite, too. To find jadeite in this kind of rock is not unique. (For example
Seki et. al. (1960) have described jadeites from gabbroic rocks in Japan.) Biotite
occurs as a primary mineral in the norite. It is pleochroic in light brown and

dark reddish brown.

T,
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Ore is an essential constituent. The ore grains are 0.3 to 0.6 mm and they
are generally rounded. The ore is most frequently associated with the biotite.
Polished sections prove that one third of the ore grains consist of ilmenite and
the rest of magnetite. Pyrite is subordinate. The ilmenite shows no exsolution
textures which is a remarkable fact.

Non-undulatory quartz is found between the plagioclases. As an accessory
potash feldspar occurs.

What processes gave the norite its present state? The low-temperature optics
of the plagioclase are not surprising even if a magmatic origin is assumed. As
van der Kaaden (1951) notices, plagioclase with high-temperature optics is
extremely rare in plutonic and metamorphic rocks.

The rutile needles in the plagioclase are characteristic but not easily ex-
plained. Mac Gregor (1931) has described similar needles in plagioclase and
regards them to be a result of high-temperature thermal metamorphism. Also
Davidson (1943) suggests that rutile needles in garnet, scapolite, pyroxene,
amphibole, and plagioclase may depend on regional metamorphism.

Possibly the rutile needles in the plagioclase of Brattén—Algén are relicts
from an ultra-metamorphic ancestry.

Several investigators of mafic rocks containing ilmenite and magnetite have
drawn the conclusion that the unmixing of ilmenite from magnetite is closely
connected with tectonization. Uytenbogaardt (1953) has pointed to the inter-
relation between metamorphism of amphibolites and the unmixing of ilmenite
from magnetite in amphibolites. The same type of unmixing is also observed
by Ramdohr (1951) in the regionally metamorphosed charnockites in the Varberg
area. The cited examples have in common the fact that the unmixing occurs
where strong metamorphism has been active.

As mentioned above, unmixing has not occurred in the ore minerals of the
norite, though they contain rather high proportions of titanium (cf. Tables
22 and 23). The reason for this could be that there has not been a regional
metamorphism in the investigated area after the emplacement of the norite.

ALTERED NORITE

The alterations have led to a mineral association stable at moderate P'I' con-
ditions at the presence of water. Plagioclase is altered into a mesh of sericite,
clinozoisite, and calcite. Tremolite-actinolite homoaxially coats hypersthene.
Anthophyllite is also found to be an alteration product of pyroxene. The an-
thophyllite is altered to chlorite. During the retrogressive metamorphism the
primary biotite was altered into diabantite (ny, = 1.625). Quartz is slightly
undulatory in the secondarily altered norite.

The volumetrical analyses, one from an unaltered and the other from an
altered norite, show the mineralogical differences:



118 LARS BERGSTROM

Table 21. Mineralogical composition of norite, Bratton

% by vol.
Type Plagio- |Quartz| Pyr- Horn-| Biotite | Chlorite| Apa-| Ore
clase oxene |blende tite
Unaltered norite . . 53 9 15 — 8 ' — 7 8
Altered norite . . . 50 3 — 10 r ! 12 4 9

This table, however, does not fully illustrate the secondary alterations, as
the plagioclase in the altered norite is nearly completely sassuritized, but
in the table above this is not seen. There is also a slight enrichment of ore in
the altered norite. The ore grains are found in connection with the chlorite.

The alterations are illustrated by the following scheme:

Minerals

Primary | Secondary Final
Plagioclase .. . . . . . .| Epidote, sericite Epidote, sericite, calcite
Hypersthene . . . . . . .| Actinolite, tremolite Biotite, chlorite, ore

Anthophyllite Chlorite

Brown biotite . . . . . .| Green biotite Chlorite, ore
Quartz non-undulatory . . Quartz undulatory
Heaenite = oo o Titanite
Byrite s o Lot s Limonite

Fig. 72 shows an interesting type of norite alteration. The norite is interwoven
by 0.02 mm thick veinlets filled with pale green chlorite. The chlorites are
orientated perpendicular to the veinlets. Along the centre of the veinlet there
is a dark line which is the border between the chlorites growing from each side
of the walls of the veinlet. The veins traversing the norite are parallel. They
penetrate the plagioclase, but not the pyroxenes or their pseudomorphs. The.
veins seem to emanate from the altered pyroxenes as they are wider close to
them and pinch out at some distance. Furthest away from the pyroxene the
veinlets are not filled with chlorite.

The alteration from pyroxene over hornblende and biotite into chlorite
requires the presence of water, and as Buerger and Washken (1947) point out,
water is necessary for recrystallization unless a critical temperature is reached.

In the present case the thin veinlets contained pore solutions which caused
the transformation pyroxene — hornblende. The micro-vein system was formed
by strain after the consolidation of the norite, but the temperature was above
the point where the reaction pyroxene —hornblende occurs. This deuteric
reaction is accompanied by an increase of volume. The strain caused was
released in the already existing system of veinlets. The veinlets became wider
than before the transformation of the hornblendes. If only the expansion caused
by the mineral transformation were responsible for the formation of the veinlets,
they ought to radiate from the altered pyroxenes, and not, as the case is, be
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Fig. 72. Veinlets of chlorite in norite. Brattén. Ord. light. 25 x.

parallel. It is not surprising that the veinlets in part are filled with chlorite, nor

that the pyroxene is altered into fibrous hornblende but the remarkable thing

is that the plagioclases are completely unaltered.

The slightly altered norite has been analysed; the results are given in the

table below. Also the V, Cr, Co, Ni, and Ti contents have been determined in

seven specimens of norite.

Table 22. Chemical composition of norite

% by weight

IO o SR SR 48] S
Tl i RO s L s L 5.18
AL o o S e AR
Fe,O4 SRSy i R 3.27
Kol s ruii it sl )
RERL) s et Rl S 0.14
1,7, B SRS e - EI M e 6.74
& e e DR s 6.03
Na,O 2.09
R ) i e 0.81
5 I 0 R AR R e e s 0.55
H,O + 2.54
POy 0.37
V.0, 0.04
S 0.22

Niggli values:

al 23.0
Sm 54.0
c 16.6
alk 6.4
st 119
k 0.19 TR
L 9.8
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Table 23. Some trace-element contents in norite, given in p. p. m.

Locality \Y Cr | Co e s Ti | TV

J2858L - o7 400 16 63 85 26 400 66
SRNBE e 260 10 37 33 18 000 69
GSEBBY T e 230 19 24 28 18 000 78
SEed R e 270 33 42 38 17 400 64
28PS90 o 190 230 33 32 13 800 72
270588 <o L | {280 11 35 50 19 800 76
PAR580. o o 260 10 34 33 18 600 71

A comparison between the analyses given above and those in Johannsen
(1952, III, p. 236) gives the result that this specific norite has a slightly lower
content of SiO,, Al,O,, and CaO than the mean, but that it has a considerably
higher TiO, content. The ratio Ti/V isfairly constant. The relations between Cr,
Co, and Ni are mainly Ni > Co > Cr. Lundegérdh (1949) has published trace-
element analyses of norites with the same relations between these elements.
He gives the following explanations, “... the development of an early crys-
tallized phase high in chromium and the separation by squeeze of a residual
basic magma very low in this metal. The residual magma should have been
rich in volatiles and thus apt to intrude more rapidly into higher parts of the
crust than the remaining original magma . ..”" (p. 20). If these ideas are adapted
to the norite in question, it should have emanated from such a chromium-
deficient, but volatile-rich magma as Lundegardh describes in the quotation
above. However, I do not regard these comparatively few analytic data as
sufficient to explain the origin of the norite according to the quotation.

INCLUSIONS OF PARA-ROCKS

As seen on the map and in Fig. 69 breccias exist in the norite near the contacts
to the gneiss. The breccias are, as mentioned earlier, of the ortho-magmatic
type (cf. p. 112). The fragments of fine-grained, more or less mica-rich feldspar
quartzites and veined gneisses are only found near the contacts. Megascopically
some of the fragments look like “ordinary”, mica-rich sediments. But the dark
minerals, forming layers suggestive of biotite, consist of pyroxene with 2V, =
808l — 40 vg —ES: 0. — FOHS,

The pyroxenes contain small quartz grains in their marginal zones and small
ore grains in their centres. The contact relationships prove that the pyroxene
is the youngest mineral.

The plagioclase contains 45 9%, of anorthite. The gneissic fragments in the
norite are slightly enriched in Ca and Fe. This is traced in the new-formed

pyroxene, in the An-content of the plagioclase, and in the magnetite powdering
of the pyroxene. This enrichment could also be a secondary effect of the subtrac-
tion of Na, K, and Si — the most mobile elements.
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There are also corroded xenoliths of quartzite with a grain size of 0.3—0.6 mm.
The fragments are rimmed by 1-—2 mm long hornblende needles perpendicular
to the surface of the fragments. The quartz has no wavy extinction in these
fragments, which are found sparsely all over the massive.

The two types of inclusions presented naturally originate from the surrounding
supra-crustal formation, parts of which were incorporated by the norite during
its intrusion. The formation of late pyroxene is explained in the following way':
the biotite-rich fragments suffered a progressive metamorphism when they
were captured in the norite magma. The biotite was then altered into pyroxene.

Earlier Bugge (1945) found such an alteration, “charnockitization”, which is
the formation of hornblende and pyroxene from biotite. The iron-ore content
of the pyroxene comes from the primary biotite, which had a higher iron content
than the new-formed pyroxene. Some of the fragments with feldspar and mica
were altered so that they now have an enderbitic composition — others were
assimilated. But the quartzite fragments resisted assimilation and are thus
found as fragments distributed through the whole massive of norite.

SCHLIEREN IN THE NORITE

Medium-grained, reddish, up to 50 cm long and a few cm wide schlieren are
distributed irregularly in the norite. Ljungner (1927) calls them micro-pegmatite
(p. 28) and Sederholm (1928) granitic secretions. The reddish feldspar is a
plagioclase containing only 10 9, of An. Beside albite there is uralitic horn-
blende, biotite, some microcline, magnetite, and apatite in these secretions.

The mineral association is the same as that of the norite except for the com-
position of the plagioclase. Thus these schlieren do not seem to be a late pro-
duct of differentiation. It seems probable that the sodium which was expelled
from the gneiss fragments (cf. p. 120) can be put in relation to the albitic schlieren.

INCLUSIONS OF DARK ORTHO-ROCK

On a shelf 244.586, accessible only from the sea, some black, rounded in-
clusions in the norite were observed (Fig. 73). The grain size in the dark in-
clusions is less than 0.2 mm. They contain plagioclase (Anpg o0) aipale
yellow pyroxene with ¢/Z = 31°; 2V, = 50° and birefringence 0.031, some
biotite, and oxide ores. The latter constitute one fifth of the total volume, Fig.
74. A trace-clement analysis has been performed on such a fragment giving
the values below:

Ti v Cr Co Ni
39 000 200 45 80 42 p-p.m.

The titanium content is remarkably high; other trace elements do not con-

tribute significantly to the interpretation of these fragments.

9—-630230.
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Fig. 73. Inclusions of dark ortho-rock (dolerite) in norite. Algén 244.587.

One possible explanation of the origin of these fragments is that they were
incorporated from a source outside the norite, e. g. a doleritic dike. There is
another plausible explanation, based on the assumption that the dark inclusions
were formed from a low part of the norite magma, where heavy constituents
were accumulated by gravitative separation.

INCLUSIONS OF ANORTHOSITE

Whitish, angular fragments of anorthosite can be seen on both Algén and
Bratton (Fig. 70). The anorthosite is white on weathered surface and thus con-
trasts strongly against the dark norite. The unweathered anorthosite is either
greenish white or dark gray. The gray type is devoid of fissures. The light type
is interwoven by a net of fissures along which there is plenty of sericite. The
anorthosite is distributed unevenly on the islands. The biggest accumulations
are found in the eastern parts of norite on Brattén and on the eastern and western
points of Algén. There are all gradations from polycrystalline anorthosite aggrega-
tes to solitary plagioclase phenocrysts in the norite. The phenocrysts are generally
a few mm in cross-section, but there are also phenocrysts up to 10 cm long (Fig.
75). It may also be seen how a few phenocrysts aggregate and form an ac-
cumulation of anorthosite. The plagioclase forming the anorthosite and the
phenocrysts has an anorthite content of 46—50 %,. The plagioclase is not zoned,
and the crystals forming the anorthosite are xenomorphic. The plagioclase
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Fig. 74. Dolerite inclusion. Algén 244.587. Nic. . 30 x.

generally has an outer zone which is crushed. The fragments in this zone are
only moderately displaced as compared to the orientation of the neighbouring
plagioclase. In connection with the crushed zones the albite lamellae are bent
(Fig. 76) and_thus show wavy extinction (cf. Wheeler 1960, p. 1758). The

Fig. 75. Plagioclase phenocryst in norite. Algon 244.587.
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Fig. 76. Deformed plagioclase in anorthosite. Bratton. Ord. light. 30 x.

crushing is believed to be a protoclasis, a phenomenon frequently observed in
anorthosite (cf. Loewinson-Lessing 1923, and Osborne 1949).

The anorthosite was primarily monomineralic, but now several secondary
minerals occur. As mentioned above sericite is found along the fissures. Zeolitic
minerals with optical properties corresponding to those of chabasite are found
in cracks in the anorthosite. Potash feldspar forms antiperthite in the plagioclase
of the anorthosite, but also minor veinlets between the plagioclase crystals.

From the anorthosite on western Algon, one single pure crystal has been
analysed. The same crystal was also investigated optically by means of the
universal stage. The optically determined composition is An,,Ab;s.

Table 24. Chemical composition of plagioclase crystal in anorthosite

% by weight
SiO, | TiO, | Al,Os | Fe,O, | FeO |MgO | CaO Na,O | K,O0 | BaO

1

57.32 | 0.16 ’ 26.30 ‘ 0.35 0.32 0.26 8.96 4.84 1.16 0.04

Computed feldspar composition: Or = 6 %, Ab = 45 %, An = 49 %

The high titanium content can be explained by the presence of submicros-
copical rutile needles (cf. p. 117). Antiperthitic plagioclase has been observed in
the anorthosite. The analysis above shows a remarkable proportion of K,O,
and this potassium content is obvious in the normative orthoclase. The thin-

"
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section of the analysed plagioclase crystal shows no antiperthite; the content of+
K-feldspar must be hidden in the plagioclase lattice. As a consequence, the
antiperthite observed in other sections must be the result of exsolution as Ander-
sen (1929) stated.

THE GENESIS OF THE ANORTHOSITE AND NORITE

The genesis of the anorthosite is one of the controversial problems of petrology.
Both metasomatic and magmatic ways of formation have been advocated.
Hietanen (1954) has found that quartzites and biotite schists in Idaho have
been transformed into anorthosites and garnet amphibolites by a metasomatic
introduction of two or more elements (p. 288). In “The transformation of the
upper part of the Pretoria series” van Biljon (1949) described how the sedi-
mentary series in the direction of the strike have been transformed to syenite,
gabbro, norite, granophyre, and anorthosite. The final rock type was determined
by the primary sediment. The transforming agencies were ascending hydrother-
mal solutions. van Biljon found that pure quartzites were not altered by the
solutions. The anorthosites were, according to van Biljon, formed out of cal-
careous chert which metasomatically received Ca, Al, and Na. Simultaneously
K, Mg, and Si were driven out.

Buddington (1939) regards gabbroic magmas as complementary to anorthositic
masses, mainly because of the gradational transitions between these rock types.
“The order of succession indicated is definitely from anorthosite to saturated
gabbro or norite” (p. 215). “In addition to the saturated gabbros which are
so similar and directly related to the anorthositic rocks, there are the under-
saturated gabbros which form a discrete group with no gradational relation-
ships to the anorthositic rocks” (p. 215).

The anorthosite-norite complex on Brattén-Algén shows no evidence of having
been formed metasomatically in situ. The contacts are sharp and partly un-
conformable. Breccias occur. Both norite and anorthosite are devoid of parallel
structures. The anorthosite occurs as fragments in the norite, which also contains
phenocrysts of plagioclase of the same composition as the plagioclase in the
anorthosite. The plagioclase in the norite is slightly zoned; the plagioclase in
the anorthosite, on the other hand, is devoid of zoning. The formation of the
large unzoned phenocrysts (Fig. 75) proves that the large crystals were in equi-
librium with their mother liquid. The plagioclases formed later are slightly
more albitic in their outer zoae than in their core. This proves that a modest
differentiation has occurred, but it also strengthens the opinion that the anor-
thosite was formed out of the norite magma. According to Beskow (1929) the
early plagioclases were lighter than their mother liquid and thus strove upwards
during growth. Hjelmqvist (1950) has.also found that the plagioclase crystals
moved upwards in Smalands Taberg. Buddington (1943) has treated the problem
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of stratified intrusions and says, “. .. many petrologists have concluded that the
course of crystallization of a basalt leads to a concentration of iron in the residual
liquid” . . . “there is one course of differentiation of basalt and norite, or gabbro,
which leads to concentration of iron and titanium in the residual liquid up to a
maximum in the later stages of consolidation ...”" (p. 125).

We shall now see in what respect these ideas are applicable to the norite-
anorthosite on Bratton—Algén.

When the noritic magma crystallized, the first-formed plagioclases were
lighter than the residual liquid, and thus rose and formed an anorthositic crust
in the upper part of the norite. Simultaneously there was an enrichment of
mafic minerals downwards due to the sinking of early-crystallized, heavy minerals.
Possibly these minerals formed a crust on the bottom of the magma container.

If for some reason conditions now became dynamic, the unsolidified norite
would break up the anorthosite and cause protoclasis of the margins of the
plagioclase crystals. The early-formed bottom crust would have been brec-
ciated, too.

All observations point to a magmatic, and not a metasomatic origin. Con-
cerning the origin of the magma which formed the norite and anorthosite, the
question arises: Is it a primary or a secondary magma? Undoubtedly Barth
(1961) is right in many respects when he says, “The diversification of igneous
rocks is caused by sedimentary processes” (p. 325). But as Winkler has proved
in many experiments, also a partial melting can contribute to the manifoldness
of igneous rocks. Winkler and von Platen (1960) have treated calcite-bearing,
illitic clays with different contents of Na,O at 2000 atm. water pressure. At
740° C an anatectic melt begins to form. With rising temperature the com-
position of the melt changes from aplitic over granitic to granodioritic. The
amount of anatectic melt comprises up to 80 %, of the metamorphosed clay,
and the remainder, the unliquefied crystals, are predominantly An-rich plagio-
clases which are accompanied by mafics, seldom by a little quartz. “Thisleads to
the suggestion that anorthosites might possibly also be looked upon as the
crystalline remainder not liquefied in the course of metamorphism . .. (p. 294).
Kranck (1961) says when reviewing the anatectic formation of anorthosites,

. it may give the key to the formation of anorthositic magmas™ (p. 302).
The problem of the anorthosite and norite on Bratton—Algén is not solved
by assuming only a selective melting; the problem also involves the emplacement

<«

and age. An intrusive behaviour is proved by the breccias. The age of the norite-
anorthosite massive is definitely lower than that of the surrounding gneisses. Still
doubt remains concerning the age relations between the augen-granite and the
norite-anorthosite. The cutting granitic-aplitic dikes on western Algén (marked
on the map) could either be of the same age as the augen-granite or younger.

The last section deals with rocks which are closely related to norite and
gabbro, namely dolerites.
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CHAPTER 16
Doleritic dikes

Doleritic dikes are found in the area on the western parts of Tjorn and in
connection with the norite on Brattén. There are two dikes on Bratton. They
strike N70° E and dip vertically. Close to the norite they are wider than further
away. On the west side the dike is 1.3 m close to the norite and 1 m at the sea.
The dike on the east side is 1.5 m close to the norite and 0.5 m on the shore.

Fig. 77 is a microphotograph showing the contact against the bedrock. Area I
consists of devitrified glass with few plagioclase laths. Area II consists of glass
on the contact to area I. In the central parts of the dolerite the grain size increases.

The figure proves Ljungner’s (1927) observations in the field, i.e. that there
have been two intrusions into the dike on eastern Bratton. The plagioclase of
intrusion II is an andesine with 30—48 %, An. The highest An-contents deter-
mined were found in the cores of zoned plagioclase laths, and the lowest in the
very thin, last crystallized laths. The plagioclase is altered and so is the matrix
which now consists of chlorite. Ore is frequent and forms dendritic crystals.
The texture is typically doleritic.

Some trace elements have been determined from the second intrusion:

T Cr Co Ni
15 600 10 39 35 p-p.m.

The distribution of these elements is the same as that found in the norite

(chip.i120).
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Ljungner has interpreted the dolerite on Brattén as apophyses to the norite
massive (p. 27). The contact relationships indicate that the dolerite magma
intruded into a cold bedrock, as there is a felsitic contact zone in the dolerite.
The norite, on the other hand, has no such zone.

The dolerite dikes could either be apophyses to the norite massive as proposed
by Ljungner (1927, p. 27) or they could have been formed before the norite
intrusion. The present writer favours Ljungner’s opinion for the following
reason:

As stated earlier, the anorthosite and the mafic bottom layers (cf. p. 122)
were formed during a static phase. This phase was interrupted by a dynamic
phase which caused the unsolidified norite magma to brecciate the anorthosite
crust. At the same dynamic stage, some of the norite was forced out into the
already solidified dolerite dike, and caused the second intrusion.

There are some other doleritic dikes within the area. They are of two different
kinds: one is disconformable and cuts the migmatitic veined gneisses without
any simple relations to the dip and strike of the gneisses. Dolerites of this type
are found at 11.67 and around point 10.87. The other type is conformable to
the S-surfaces of the pale red granitic augen-gneiss and is found at 174.840.

Petrographically these dikes are identical. They are fine-grained and their
doleritic texture can be seen megascopically. Zoned plagioclase laths lie in a

mesh of epidote and chlorite. Occasionally a pyroxene with n. = 1.712;

n, — 1.713 and with extinction c/Z = 44° has been observed. These optical
data correspond to those of ferrosalite (Troger 1959, p. 63). Opaque oxide
minerals are found between the plagioclase laths in the chlorite-epidote mesh.
According to Lundegardh (1958, p. 72) the alterations in similar doleritic dikes
are deuteric.

Certainly this is true also concerning the dikes within the Tjérn area.

Fig. 78. View from Bleket westwards.
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Concluding summary

The main purpose of this investigation has been to point to the close genetical
relationships between the schists, gneisses, and granitoids.

The events which formed the rocks were those in the synclinal phase and
those in the following orogenic phase.

The first process was characterized by the accumulation of marine sediments
of varying composition. They were interstratified by volcanic ashes.

The second phase was characterized by folding, mafic intrusions, and simul-
taneous sinking of the accumulated sediments to depths where conditions per-
mitted metamorphic and metasomatic reactions.

Rising temperature caused an increase of the grain size. When sufficiently
high temperatures were reached parts of the sediments became mobile.

The metasomatic alterations were caused mainly by ascending aqueous
solutions of potassium and silica from deeply buried sediments. These solutions
contributed to the rise of temperature in the solid rocks through which they
passed. The permeability of the metamorphosed sediments was increased by
steep dips and it was decreased by horizontal position. Consequently the least
altered sediments are those with horizontal stratification and/or schistosity
whereas the vertical ones have been more intensely altered. Some rock types,
such as mafics, seem to have been impermeable to the ascending solutions.

There are some mafic intrusions younger than the tectonizing phase, but
older than the mobile granitoid masses which were formed out of primary
sediments. Such a formation of granite occurred where the solutions were cap-
tured, e. g. in anticlinal arcs or under impermeable mafic rocks.

At the final stages of the orogenic phase the norite—anorthosite magma was
intruded.

References
Some frequent abbreviations:
BGIU = Bulletin of the Geological Institutions of the University of Uppsala
GFF = Geologiska Foreningens i Stockholm Forhandlingar
KVA = Kungl. Vetenskapsakademien (Stockholm)
SGU = Sveriges Geologiska Undersokning
NGT = Norsk Geologisk Tidsskrift
NGU = Norges Geologiske Undersokelse
Bull.géol.Finl. = Bulletin de la Commission géologique de Finlande

AvtHAus, E. and WinkLer, H. G. F., 1962: Experimentelle Gesteinsmetamorphose. VI.

Einfluss von Anionen auf metamorphe Mineralreaktionen. — Geoch. Cosmochim. Acta,
26, p. 145.

ANDERSEN, O., 1929: The genesis of some types of feldspar from granite pegmatites. — NGT,
10913116,

AskrLunp, B., 1946: [Contribution to discussion at] Geologiska Foreningens 75-arsmote 23—
26 maj 1946. — GFF, 68, p. 483.



130 LARS BERGSTROM

Avias, J., 1949: Note préliminaire sur quelques observations et interprétations nouvelles
concernant les péridotites et serpentines de Nouvelle-Calédonie. — Bull. Soc. géol. Fr.,
19, p. 439,

Backrunp, H. G., 1950: Some observations on homogenization and on geochemical dis-
continuities in granitic areas. — Rep. XVIII Intern. Geol. Congr. (Great Britain 1948),
pt3; p 3L

Barth, T. F. W., 1930: Mineralogy of the Adirondack feldspars. — Am. Min., 15, p. 129.

— 1941: Litt om Serlandets anorthositer. — NGT, 21, p. 186.

— 1948: Oxygen in rocks: A basis for petrographic calculations. — Journ. Geol., 56, p. 50.

— 1951: The feldspar geologic thermometers. — Neues Jahrb. Min., Abh., 82, p. 143.

— 1956: Studies in gneiss and granite. I & II. — Skr. Norske Vidensk.-Akad. Oslo. I. Mat.-
Nat. Kl,, no. 1.

— 1961: Ideas on the interrelation between igneous and sedimentary rocks. — Bull. géol.
Finl.;; 196,.p. 321.

BELLIERE, J., 1958: Contribution a I’étude pétrogénétique des schistes cristallins du massif
des Aiguilles Rouges. — (Diss.) Liége.

BerGsTROM, L., 1959: Geologiska studier i Lovsvedsgruvan, Folkdrna socken, Dalarna. —
GFF, 81, p. 64l1.

Beskow, G., 1929: Sédra Storfjillet im siidlichen Lappland. — SGU, C 350.

Brjon, S. van, 1949: The transformation of the upper part of the Pretoria Series in the
Bushveld Igneous Complex. — Trans. Geol. Soc. S. Africa, 52, p. 1.

BroMmBERG, A., 1902: Beskrifning till kartbladet Goteborg. — SGU, Ac 4.

Bowen, N. L., 1917: The problem of the anorthosites. — Journ. Geol., 25, p. 209.

BroT1zeN, O., 1959: Outline of mineralization in zoned granitic pegmatites. — GFF, 81, p. 1.

BuppingToNn, A. F., 1939: Adirondack igneous rocks and their metamorphism. — Geol. Soc.
Am., Mem. 7.

— 1943: Some petrological concepts and the interior of the earth. — Am. Min., 28, p. 119.

BuERrGER, M. J. and WasHkEN, E., 1947: Metamorphism of minerals. — Am. Min., 32, p. 296.

Bucce, J. A. W., 1945: The geological importance of diffusion in the solid state. — Avh.
Norske Vidensk.-Akad. Oslo. I. Mat.-Nat. Kl., no. 13.

Burri, C., 1959: Petrochemische Berechnungsmethoden auf #dquivalenter Grundlage. —
Basel.

CarsTENs, H., 1958: Layered basic xenoliths in some Norwegian gabbros. — Beitr. Miner.
Petry 6, p 139

CuavEs, F., 1956: Petrographic modal analysis. — New York.

Crasse, F., 1950: A roentgenographic method for determining plagioclases. — Am. Min.,
o p a2

Dary, R. A., 1928: Bushveld Igneous Complex of the Transvaal. — Bull. Geol. Soc. Am.,
39,3703,

Davipson, C. F., 1943: The Archean rocks of the Rodil district, South Harris, Outer Hebrides.
— Trans. Roy. Soc. Edin., 61, p. 71.

De SitTER, L. U. and Zwarr, H. J., 1960: Tectonic development in supra- and infrastructures
of a mountain chain. — Rep. XXI Intern. Geol. Congr. (Norden 1960), pt. 18, p. 248.

DrescHER-KADEN, F. K., 1948: Die Feldspat-Quartz-Reaktionsgefiige der Granite und
Gneise. — Berlin.

Du Rierz, T., 1935: Peridotites, serpentines, and soapstones of Northern Sweden. — GFF,
51p:133.

— 1938: The injection metamorphism of the Muruhatten region and problems suggested
thereby. — SGU, C 416.

— 1946: Senare insint diskussionsinligg till Geologiska Foreningens 75-arsméte 23—26 maj
1946. — GFF, 68, p. 484.

EperLmaN, N., 1949: Microcline porphyroblasts with myrmekite rims. — Bull. géol. Finl.,
144, p. 73.

— 1960: The Gullkrona region, SW Finland. — Bull. géol. Finl., 187.

Encger, A. E. J., 1949: Studies of cleavage in the metasedimentary rocks of the northwest
Adirondack Mountains, New York. — Trans. Am. Geophys. Union, 30, p. 767.

— and EnceL, C. G., 1953: Grenville series in the northwest Adirondack Mountains,
New York. — Bull. Geol. Soc. Am., 64, p. 1013.

— and Encer, C. G., 1958: Progressive metamorphism and granitization of the major
paragneiss, northwest Adirondack Mountains, New York. Part. 1. — Bull. Geol. Soc.
Am., 69, p. 1369.

ENGELHARDT, W. v., 1961: Zum Chemismus der Porenlésung der Sedimente. — BGIU, 40,
p- 189.




PETROLOGY OF THE TJORN AREA IN WESTERN SWEDEN 151

Eskora, P., 1932: Conditions during the earliest geological times as indicated by the Archaean
rocks. — Ann. Acad. Sci. Fennice, A 36, no. 4.

— 1933: On the differential anatexis of rocks. — Bull. géol. Finl., 103, p. 12.

— 1950: The nature of metasomatism in the processes of granitization. — Rep. XVIII
Intern. Geol. Congr. (Great Britain 1948), pt. 3, p. 5.

— 1952: A discussion of domes and granites and ores. — Bull. géol. Finl., 157, p. 125.

— 1955: About the granite problem and some masters of the study of granite. — Bull. géol.
Finl., 168, p. 117.

— 1957: On the mineral facies of charnockites. — Journ. Madras Univ., 27, p. 101.

Evans, B. and Leake, B., 1960: The composition and origin of the striped amphibolites of

Connemara, Ireland. — Journ. Petr., 1, p. 337.
FADDEGON, J. M., 1940: Geologische en petrologische -onderzoekingen in het Rivovardo-
gebied en omgeving. — (Diss.) Amsterdam.

Friepman, G. M., 1953: Caribou eruptive complex, an interpretation in time and space. —
Bull. Geol. Soc. Am., 64, p. 1425.

FrietscH, R., 1957: Determination of the composition of garnets without chemical analysis. —
GFF, 79, p. 43.

FosLie, S., 1931: On antigorite-serpentines from Ofoten with fibrous and columnar vein
minerals. — NGT, 12, p. 219.

— 1941: Tysfjords geologi. — NGU, 149.

Frowora, N. W., 1953: Uber die Entstehung der arkaischen Granite Ostsibiriens. — Fortschr.
Sowjet. Geol., H. 3, p. 53. Berlin 1961. ———

GaTtes, R. M., 1953: Petrogenic significance of perthite. — Geol. Soc. Am., Mem. 52, p. 55.

GAVELIN, S., 1960: On the relations between kinetometamorphism and metasomatism in
granitization. — GFF, 82, p. 230.

GELER, P., 1916: On the intrusion mechanism of the Archean granites of Central Sweden. —
BGIU, 15, p. 47.

— 1923: Riddarhytte malmfalt. — Kungl. Kommerskoll., Beskriv. éver miner.-fynd., 1.

GorpscHMIDT, V. M., 1954: Geochemistry. — Oxford.

Goobspeep, G. E., 1952: Replacement and rheomorphic dikes. — Journ. Geol., 60, p. 356.

— 1953: Rheomorphic breccias. — Am. Journ. Sci., 251, p. 453.

Grour, F. F., 1941: Formation of igneous-looking rocks by metasomatism: a critical review
and suggested research. — Bull. Geol. Soc. Am., 52, p. 1525.

HALLER, J., 1956: Probleme der Tiefentektonik, Bauformen im Migmatit-Stockwerk der
ostgronlindischen Kaledoniden. — Geol. Rundsch., 45: 2, p. 159.

HarbEeRr, H., 1959: Beitrag zur Geochemie des Bors. Teil I1: Bor in Sedimenten. — Nachricht.
der Akad. der Wissensch. Géttingen. I1I. Matematisch-Physikalisch. Kl., Nr. 6.

Hemrr, K. S., 1957: Phase relations of potash feldspar in metamorphism. — Journ. Geol,,
65, p. 468.

Hess, H. H., 1938: A primary peridotite magma. — Am. Journ. Sci., 35, p. 321.

— 1955: Serpentines, orogeny and epeirogeny. — Geol. Soc. Am., Spec. Pap., 62, p. 391.

HieTANEN, A., 1951: Metamorphic and igneous rocks of the Merrimac area, Plumas National
Forest, California. — Bull. Geol. Soc. Am., 62, p. 565.

— 1954: On the geochemistry of metamorphism. — Journ. Tennessee Acad. Soc., 29, no. 4,
p. 286.

— 1956: Anorthosite in Boehls Butte quadrangle, Idaho. — Bull. Geol. Soc. Am., 67, p. 1770.

HjermQvist, S., 1938: Uber Sedimentgesteine in der Leptitformation Mittelschwedens. Die
sogenannte ,,Larsboserie“. — SGU, C 413.

— 1942: Stribergs malmfilt. — SGU, G 449.

— 1950: The titaniferous iron-ore deposit of Taberg in the south of Sweden. — SGU, C 512.

Hogenes, D., 1941: Magmatische Titigkeit, Metamorphose und Migmatitbildung im Grund-
gebirge des siidwestlichen Schwarzwaldes. — Neues Jahrb. Min., Beil.-Band 76, Abt. A,
p- 153.

— 1948: Petrogenese im Grundgebirge des Siidschwarzwaldes. — Heidelb. Beitr. Miner.
Pere epo 121,

Huresur, C. S. Jr., 1959: Dana’s manual of mineralogy. — New York.

HARME, M., 1949: On the stratigraphical and structural geology of the Kemi area, Northern
Finland. — Bull. géol. Finl., 147.

— 1954: Structure and stratigraphy of the Mustio area, Southern Finland. — Bull. géol.
Finl,, 166, p. 29.

— 1959: Examples of the granitization of gneisses. — Bull. géol. Finl., 184, p. 41.

JouannseN, A., 1952: A descriptive petrography of the igneous rocks. IT and III. — Chicago.



132 LARS BERGSTROM

Jorriy, G. A., 1952: The granitization process and its limitations as exemplified in certain parts
of New South Wales. — Geol. Mag., 89, p. 25.

Kaapen, G. vax pER, 1951: Optical studies on natural plagioclase feldspars with high- and
low-temperature optics. — (Diss.) Utrecht.

Korperup, N.-H., 1946: Eruptivene i fjellkjeden i Vestnorge. — GFF, 68, p. 482.

Korznuinsky, D. S., 1950 a: Phase rule and geochemical mobility of elements. — Rep. XVIII
Intern. Geol. Congr. (Great Britain 1948), pt. 2, p. 50.

— 1950 b: Differential mobility of components and metasomatic zoning in metamorphism.
— Rep. XVIII Intern. Geol. Congr. (Great Britain 1948), pt. 3, p. 65.

Kranck, E. H., 1960: Gypsum tectonics on Axel Heiberg Island, Northwest Territories,
Canada. — Geology of the Arctic. Proc. 1. Intern. Symp. on Arctic Geology, 1, p. 438.

— 1961: The tectonic position of the anorthosites of eastern Canada. — Bull. géol. Finl.,
196, p: 299.

Krokstrom, T., 1932: The Breven dolerite dike. — BGIU, 23, p. 243.

Kuprer, D. H., 1960: Pegmatite-granite relationships in the Calamity Peak area Black Hills,
South Dakota, U.S.A. — Rep. XXI Intern. Geol. Congr. (Norden 1960), pt. 17, p. 77.

Lacy, E. D., 1960: Melts of granitic composition, their structure, properties and behaviour. —
Rep. XXI Intern. Geol. Congr. (Norden 1960), pt. 14, p. 7.

LANDERGREN, S., 1948: On the geochemistry of Swedish iron ores and associated rocks. —
SGU, C 496.

Larsson, W., 1935: Vulkanische Asche vom Ausbruch des chilenischen Vulkans Quizapua
(1932) in Argentina gesammelt. Eine Studie iiber #olische Differentiation. — BGIU, 26,
p. 20

— 1955: Beskrivning till kartbladet Varvik. Berggrunden. — SGU, Aa 187, p. 10.

Ljuncerex, P., 1954: The region of Halia in Dalecarlia, Sweden. — (Diss.) Goteborg.

— 1956: Complete and incomplete granitizations. — GFF, 78, p. 642.

— 1957: Banded gneisses from Gothenburg and their transformations. — GFF, 79, p. 113.

Ljunener, E., 1927: Spaltentektonik und Morphologie der schwedischen Skagerrak-Kiiste.
I—II. — BGIU, 21, p. 1.

Loewinson-Lessing, F., 1923: The problem of the anorthosites and other monomineral
igneous rocks. — Journ. Geol., 31, p. 89.

LunpecArpH, P. H., 1949: Aspects to the geochemistry of chromium, cobalt, nickel and
zinc. — SGU, C 513.

— 1953 a: Petrology of the Molndal—Styrs6—Vallda region in the vicinity of Gothenburg.
— SGU, C 531.

— 1953 b: Beskrivning till kartbladet Siré. Berggrunden. — SGU, Aa 195, p. 11.

— 1958: Goteborgstraktens berggrund. — SGU, C 558.

— 1960: The miogeoscynclinal rocks of Eastern Central Sweden. — SGU, C 570.

MacGRreGOR, A. G., 1931: Clouded feldspars and thermal metamorphism. — Miner. Mag.,
29, p..524

Macnusson, N. H., 1925: Persbergs malmtrakt och berggrunden i de centrala delarna av
Filipstads Bergslag. — (Diss.) Stockholm.

— 1960 a: Age determinations of Swedish Precambrian rocks. — GFF, 82, p. 407.

— et al.,, 1960 b: Description to accompany the map of the pre-Quaternary rocks of Sweden.
— SGU, Ba 16, p. 5.

Marmo, V., 1955: On the microcline of the granitic rocks of Central Sierra Leone. I. —
Schweiz. Miner. Petr. Mitt., 35, p. 155.

— 1956: On the emplacement of granites. — Am. Journ. Sci., 254, p. 479.

— 1957: Geology of the Nokia Region, Southwest Finland. — Bull. géol. Finl., 176.

— 1958: The problem of late-kinematic granites. — Schweiz. Miner. Petr. Mitt., 38, p. 19.

— 1960: On the granite and spilitization. — GFF, 82, p. 299.

— 1961: An example of granite obviously derived from rhyolitic material. — Bull. géol.
Finl,, 196, p. 137

— 1962: On granites. — Bull. géol. Finl., 201.

MennerT, K. R., 1940: Uber Plagioklas-Metablastesis im mittleren Schwarzwald. — Zbl.
Min. Geol. Pal. A, p. 47.

— 1957: Petrographie und Abfolge der Granitisation im Schwarzwald. II. — Neues Jahrb.
Min., Abh., 90, p. 39.

— 1959: Der gegenwirtige Stand des Granitproblems. — Fortschr. Miner., 37, p. 117.

— 1960 a: Zur Geochemie der Alkalien im tiefen Grundgebirge. — Beitr. Miner. Petr., 7,
p- 318.

— 1960 b: Das problem des Alkalihaushalts im Orogen. — Geol. Rundsch., 50, p. 124.

Micsor, J. Jr., 1961: The anorthositic complex of Haland—Helleren. — NGT, 41, p. 157.



PETROLOGY OF THE TJORN AREA IN WESTERN SWEDEN 133

Misch, P., 1949 a: Metasomatic granitization of batholithic dimensions. I. — Am. Journ.
Sci., 247, p. 209.

— 1949 b: Metasomatic granitization of batholithic dimensions. II. Static granitization in
Sheku area, Northwest Yunnan (China). — Am. Journ. Sci., 247, p. 372.

— 1949 c: Metasomatic granitization of batholithic dimensions. III. Relationships of syn-
kinematic and static granitization. — Am. Journ. Sci., 247, p. 673.

MorTENsEN, O., 1945: Vannholdige magnesiasilikater dannet ved metasomatose av dolomitiske
kalkstener. — NGT, 25, p. 266.

Nockorps, S. R. and Mrrcuerr, R. L., 1948: The geochemistry of some Caledonian plutonic
rocks. — Trans. Roy. Soc. Edin., 61, pt. 2, p. 533.

OFTEDAL, I., 1958: On the development of granite pegmatite in gneiss areas. — NGT, 38,
P28k

OspornE, F. F., 1949: Coronite, labradorite anorthosite, and dykes of andesine anorthosite,
New Glasgow, P. Q. — Trans. Roy Soc. Canada, 43, ser. 3, p. 85.

Ovurianorr, N., 1960: Granite-gneiss dans le massif du Mont-Blanc. — Rep. XXI Intern.
Geol. Congr. (Norden 1960), pt. 14, p. 158.

PerriN, R., 1954: Granitization, metamorphism and volcanism. — Am. Journ. Sci., 252,
p. 449.

— 1956: Granite again. — Am. Journ. Sci., 254, p. 1.

— and RouBaurt, M., 1950: Metamorphism of the Trias in the Alps. — Geol. Mag., 87, p. 89.

Pertrjonn, F. J., 1949: Sedimentary Rocks. — New York.

— 1957: Sedimentary Rocks. Sec. ed. — New York.

Puemister, T. C., Fraser, W. E., and Wirriamson, D. H., 1960: Dalradian metamorphism

and structure. — Stonehaven to Aberdeen. — Rep. XXI Intern. Geol. Congr. (Norden
1960), pt. 13, p. 352.
PoLpeErvAarT, A., 1953: Petrological calculations in metasomatic processes. — Am. Journ.

Sci., 251, p. 481.

Quenser, P., 1951: The charnockite series of the Varberg district on the south-western coast
of Sweden. — KVA, Ark. Miner. Geol., 1, no. 10, p. 227.

Ramserc, H., 1948: Titanic iron ore formed by dissociation of silicates in granulite facies. —
Econ. Geol., 43, p. 553.

— 1949: The facies classification of rocks: a clue to the origin of quartzo feldspathic massifs
and veins. — Journ. Geol., 57, p. 18.

— 1952: The origin of metamorphic and metasomatic rocks. — Chicago.

— 1956: Pegmatites in West Greenland. — Bull. Geol. Soc. Am., 67, p. 185.

Rawmpongr, P., 1951: Bemerkungen iiber den Gehalt der Varberggesteine an ,,Erzmineralien ©.
— KVA, Ark. Miner. Geol,, 1, p. 323.

Rankama, K. and Samama, T. G., 1950: Geochemistry. — Chicago.

Reap, H. H., 1957: The granite controversy. — London.

Rerran, P. H., 1960: The genetic significance of two kinds of basified zones near small peg-
matite veins. — Rep. XXI Intern. Geol. Congr. (Norden 1960), pt. 17, p. 102.

Reynorps, D. L., 1954: Fluidization as a geological process, and its bearing on the problem

of intrusive granites. — Am. Journ. Sci., 252, p. 577.
— 1958: Granite: Some tectonic, petrological, and physico-chemical aspects. — Geol. Mag.,
95, p. 378,

Rosengvist, I. Th., 1943: Metamorphism and metasomatism in the Opdal area (Sor Tronde-
lag, Norway). — NGT, 22, p. 106.

— 1946: [Contribution to discussion at] Geologiska Féreningens 75-irsméte den 23—26
maj 1946. — GFF, 68, p. 483.

— 1950: Some investigations in the crystalchemistry of silicates. II. The orientation of per-
thite lamellae in feldspars. — NGT, 28, p. 192.

— 1952: The metamorphic facies and the feldspar minerals. — Univers. Bergen Arbok,
Naturvitensk. Rekke, no. 4.

Sastry, G. G. K., 1962: Determination of the end-member composition of garnets from their physi-
cal properties. — Rec. Geol. Surv. India, 87, p. 757.

ScawarTtz, G. M., 1958: Alteration of biotite under mesothermal conditions. — Econ. Geol.,
53, p. 164.

Scorrorp, D. M., 1956: Metamorphism and axial-plane folding in the Poundridge area,
New York. — Bull. Geol. Soc. Am., 67, p. 1155.

SepERHOLM, J. J., 1923: On migmatites and associated pre-Cambrian rocks of southwestern
Finland. Part I. — Bull. géol. Finl., 58.

— 1928: Om graniterna i Sverige och Finland. — GFF, 50, p. 45.

SEKL, Y., AiBA M. and Karo, C., 1960: Jadeite and associated minerals of meta-gabbroic rocks in



134 LARS BEKGSTROM

the Sibukawa district, central Japan. — Am. Miner., 45, p. 668.

SEITSAARI, J., 1951: The schist belt northeast of Tampere in Finland. — Bull. géol. Finl., 153.

SeEMENENKO, N. P., 1960: Theory of metamorphism of mobile zones. — Rep. XXI Intern.
Geol. Congr. (Norden 1960), pt. 14, p. 62.

Smurikowskr, K., 1960: Evolution of the granite-gneisses in the Snieznic Mountains, East
Sudetes. — Rep. XXI Intern. Geol. Congr. (Norden 1960), pt. 14, p. 120.

SoBoLEV, V. S., 1960: Role of high pressure in metamorphism. — Rep. XXI Intern. Geol.
Congr. (Norden 1960), pt. 14, p. 72.

SPENCER, E., 1937: The potash-soda-felspars. I. Thermal stability. — Miner. Mag., 24, p. 453.

— 1938: The potash-soda-felspars. II. Some applications to petrogenesis. — Miner. Mag.,
25, po8i;

StepHENSON, R. C., 1942: The relations of the anorthosite and gabbro in the Lake Sanford
area, New York. — Trans. Am. Geophys. Union, p. 345.

STALHOS, G., 1962: Nya synpunkter pa Sormlandsgnejsernas geologi med sirskild hansyn till
Stockholmstrakten. — SGU, C 587.

Sunpius, N., 1923: Grythyttefiltets geologi. SGU, € 312.

1939: Berggrunden inom sydéstra delen av Stockholms skiargird. — SGU, C 419.

SVEDMARK, E., 1888: Pyroxen- och amfibolférande bergarter inom sydvestra Sveriges urberg. —
SGU, C 97.

SoreNseN, H., 1955: A preliminary note on some peridotites from Northern Norway. —
NG 35, 93

TrOGER, W. E., 1959: Optische Bestimmung der gesteinsbildenden Minerale. Teil I. Bestim-
mungstabellen. 3. Aufl. — Stuttgart.

UvTENBOGAARDT, W., 1953: The opaque mineral constituents in a series of amphibolitic
rocks from Norra Storfjillet, Vasterbotten, Sweden. — KVA, Arkiv Miner. Geol,, 1,
p- 527.

WaLToN, M., 1955: The emplacement of “granite”. — Am. Journ. Sci., 253, p. I.

Wecumany, C. E., 1930: Uber Diapirismus. — Bull. géol. Finl., 92, p. 58.

— 1935: Zur Deutung der Migmatite. — Geol. Rundsch., 26, p. 305.

WaEeELER, E. P., 2nd, 1960: Anorthosite-adamellite complex of Nain, Labrador. — Bull.
Geol. Soc. Am., 71, p. 1755.

Wik, H. B., 1953: Composition and origin of soapstone. — Bull. géol. Finl., 165.

WiLkiNsoN, J. F. G., 1953: Some aspects of the alpine-type serpentinites of Queensland. —
Geol. Mag., 90, p. 305.

WiNkLER, H. G. F., 1957: Experimentelle Gesteinsmetamorphose. I. Hydrothermale Metamor-
phose karbonatfreier Tone. — Geoch. Cosmochim. Acta, 13, p. 42.

— and Praten, H. von, 1958: Experimentelle Gesteinsmetamorphose. II. Bildung von
anatektischen granitischen Schmelzen bei der Metamorphose von NaCl-fithrenden kalk-
freien Tonen. — Geoch. Cosmochim. Acta, 15, p. 91.
and Pratex, H. von, 1960: Experimentelle Gesteinsmetamorphose. IIT. Anatektische
Ultrametamorphose kalkhaltiger Tone. — Geoch. Cosmochim. Acta, 18, p. 294.
and Pratex, H. von, 1961 a: Experimentelle Gesteinsmetamorphose. IV. Bildung ana-
tektischer Schmelzen aus metamorphosierten Grauwacken. — Geoch. Cosmochim. Acta,
24, p. 48.
and Praten, H. von, 1961 b: Experimentelle Gesteinsmetamorphose. V. Experimentelle
anatektische Schmelzen und ihre petrogenetische Bedeutung. — Geoch. Cosmochim.
Acta, 24, p. 250.

Yober, H. S., Jr., 1950: The jadeite problem. II. — Am. Journ. Sci., 248, p. 312.

— 1955: Role of water in metamorphism. — Geol. Soc. Am., Spec.?Paper, 62, p. 505.




92

90

88

86

84

82

80

~
@

~
(=]

74

72

70

68

66

64

62

60

(%)
@

o
(=]

w
&

(3]
N

wn
o

S. G. U. Ser. C, N:o 593 3
0 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 32 34 36
llllllll T1YIIII|IV(!l|lllll|['l¥llYl'l’IVVTYTYYIIIVVI!TTTTTTV"”I’IllYll|||l|]|'¥llll]l|lV7"l'I| ll""'ll‘lll|||l||]l|1T’Ir]l’|'l|'lll’|lllT'l’I|||ll|Yf'Tl'l"']II'l]llYlIIIYl[lVllllY|7|VT]TTTY'T 'lllYY‘ll]lllllllITI]I]!]"""||l[|||l""ll'l'l'l]||.|||l|'l|||||'|l||’|| I”]]”””I‘y"y“llylII]I]IIIYIIIII']]Yl'TX'T TYIYI]|'I||||l[l”]’¥v~’l|'l||IIIj
] Stigfjorden B §
3
? ;
é E
: JUPVIK
g 65
o y
3 @1, ADESHOLMEN
3 %,OCHKOHOLME
3 2= 0 o
3 P
3 o
3 =2
7
3 S &
: #
- Vannholbnarna
E £ @
ud v
: Pater ‘Vgg Noster-
3 <
3 [s3
= ®
: R
By @D 8 @ @
: S
3 W &
E )
- skdren
3 e :
2 5
3 b > 3
2 a
E <>
ééPaterNoster :
E o BR &‘Q =
= = ’/‘;
E > 3
3 @ o
E““““l““““lh““““ll““““l“l“““l“““‘“l“““”'l"”“'“I““““‘l“““"' e v dunedon Gl soonrnennbererrvrendernroa e beereneeese beeeeeerga breer e v vennrns b neee e lll“llll'lllllllllllllllllllllIIIIlIIIllIllllIlIlJlIIIllllllllllllllllll:
v 02 04 06 08 10 12 1% 16 18 20 2 2 26 28 30 ) 34 36

(Wezdra>

For spridning godkénd i rikets allménna kartverk den 12 december 1961

92

88

86

84

82

80

50

GEOLOGICAL MAP OF THE
TJORN AREA

by
LARS BERGSTROM, 1961

Scale 1:50.000

1cm = 500 m
LEGEND
Cross-sections
Tvdrprofiler
Quarry
Stenbrott

Gradational contact
Oskarp bergartsgrdns

Lineation
Stdnglighet

Syncline
Synklinal

Strike and dip of foliation (in degrees-nearly horizontal)
Planstrukturens strykning och stupning (angivet i grader resp. ndra horisontell)

Breccia
Breccia

Granitic dikes
Granitgdngar

Doleritic dikes
Diabasgdngar

Anorthosite in norite
Anortosit i norit

Norite
Norit

Light red augen-granite
Radldtt 6gongranit

Dolerite with quartz inclusions
Diabas med kvartsinneslutningar

Non-schistose diorite, gabbro and hornblendite
Massformiga gronstenar

Pale red augen gneiss-granite
Grdrod égongnejsgranit

Pale red granitic augen-gneiss
Grdrad granitisk 6gongnejs

Light gray granitic gneiss with diffuse veins
Ljusgrd granitisk gnejs med diffus ddring

Hornblende-porphyrite often with strong lineation
Hornblidndepofyrit ofta med utprdglad linjdrstruktur

Light gray granite in migmatite
Ljusgrd granit i migmatit

Light gray granite
Ljusgrd granit

Pegmatitic dikes
Pegmatitiska gdngar

Conformable layers of ’pegmatitic’” composition
Konforma lager av »pegmatitisk» sammansdttning

Pegmatitic veins
Pegmatitiska ddror

Peridotite
Peridotit

Medium-grained gneisses
Medelkorniga gnejser

Amphibolite
Amfibolit

Schists and fine-grained gneisses
Skiffrar och finkorniga gnejser




Arsbok 56 (1962)

N:o 585 LunbpQvist, THoMAs, Det svekofenniska suprakrustalstriket mellan Ljusterd

» 586

»

»

»

587

588

589

591

och Rédléga i Stockholms Norra skirgird. Summary: The svecofennian
supracrustal rocks in the region between Ljuster6 and Rodloga in the
northern archipelago of Stockholm. Med 3 planscher. 1962 ............
TeceENGREN, F., Vassbo blymalmsfyndighet i Idre och dess geologiska
inramning. Summary: The Vassbo lead ore deposit in Idre, Western Sweden.
Med en planselic F960 i S e R S e e e e
StALHOs, GORAN, Nya synpunkter pd sérmlandsgnejsernas geologi. Med
sarskild hiansyn till Stockholmstrakten. Summary: Aspects of the Sormland
Gneisses in Eastern Sweden. Med en plansch. 1962 . . . . . . . . .
MacnussoN, Ernest, Lyby mosse. En vegetations- och utvecklingshistorisk
undersokning. Summary: The peat bog at Lyby in Scania, S. Sweden,
its evolution and-ancient vegetation. 1962 ... 0 o 50 v STT
Lunpgvist, G. Geological Radiocarbon Datings from the Stockholm station,
B2 i e o S A S R e i e

Arsbok 57 (1963)

BERGSTROM, RoLFr, Hogsta kustlinjen i norra Gastrikland och sédra Hilsing-
land. Summary: The highest shoreline in the northern part of Géstrikland
and the southern part of Halsingland. 1963. « « ¢« ¢« ¢ ¢« ¢ ¢ ¢ ¢ o o &

Ser. Ba. Oversiktskartor (Survey maps)

N:o 16 Karta 6ver Sveriges berggrund. (Pre-Quaternary rocks of Sweden.) Skala

»

»

17

18

1:1 milj. Sammanstilld av N. H. MaeNussoN m. fl. 1958. Karta i tre blad.
(Map in three sheets; each 15 Sw. cr.) Pris per blad S e .
Beskrivning till Karta Gver Sveriges berggrund. Av N. H. MAGNUSSON,
P. TrorsLUND, F. BroTZEN, B. AskLunD och O. KurLine. 1962 5
Description to this map in English by N. H. MagNusson, P. THORSLUND,
F. BrRoTZEN, B. AskLunD, and O. KurLLing. 1960 . « « ¢« ¢ ¢ ¢ ¢« o « &
Karta dver Sveriges jordarter. (Quaternary deposits of Sweden.) Skala 1:1
milj. Sammanstilld av G. Lunpgvist 1958. Karta i tre blad. (Map in
thréehoetss ench 18w o) Prisperblad o oo vt S ss s e oy
Beskrivning txll_]ordartskarta over Sverige. Av G. LUNDQ_VIST 19585 s
Description to accompany the Map of the Quaternary deposits of Sweden.
BeG. Loxopvirrs B3890 L o0 e
Karta 6ver landisens avsmiltning och hégsta kustlinjen i Sverige. (The
deglaciation and the highest shore-line in Sweden.) Skala 1:1 milj. Utarbe-
tad av G. Lunpqvist 1961. Karta i tre blad. (Map in three sheets; each 15
Sweor): Prisper bl -0 0o a0 e e S e s e
Beskrivning till Karta 6ver landisens avsmiltning och hégsta kustlinjen i
Sverige. Summary: Outline of the deglaciation in Sweden. Av G, LuNDQvIsT
18 B e S S e e SR e I e R S

20 Jordartskarta éver Gotadlvdalen. (Quaternary deposits in the Géta #lv val-

2

b

ley.) Skala 1 : 20 000. Av B. JArNEFORs.1959. Karta i tre blad. (Map in three
sheets; each 11 Sw. cr.) Prisper blad . . . . . S i e erath
Beservnmg till karta 6ver berggrunden inom Vastcrbottens f jéllomrade.
Av P. QuEnseL. Zusammenfassung: Beschreibung zur geologischen Karte
iber das Hochgebirge Visterbottens, Nordschweden. Karta i skala
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Ser. Ca.

N:o 38 Lunpgvisrt, J., Beskrivning till jordartskarta éver Virmlands lin. (Quat-
ernary deposits of the county of Virmland.) Karta i skala 1 : 200 000. 1958.
Beskrivning med karta (Text with map) . . . . .

Karta i tva blad. (Map in two sheets)

Fromu, E., Jordartskarta Gver Norrbottens lin nedanfér lappmarksgrin-
sen.(Quaternary deposits of the Southern part of the Norrbotten County.)
Karta i tva blad i skala 1:200 000. (Map in two sheets.) 1961

Obman, O. H., Beskrivning till berggrundskarta éver urberget i Norrbot-
tens lin. English summary: Description to map of the Pre-Cambrian rocks
of the Norrbotten County, N. Sweden, excl. the Caledonian mountain
range. Karta i skala 1 : 400 000. 1957. Beskrivning med karta. (Text with

Meddelanden i stencil

N:o 4 SrtiLuds, G. Bidrag till kinnedomen om den radioaktiva strilningens
fordelning inom den svenska berggrunden. Summary: Contribution to
the knowledge of the distribution of the radioactivity in the bedrock of
Sweden. 1960.

21. International Geological Congress — Excursions in Sweden

Excursion nr  Guidesbook  Price Excursion nr  Guide-book  Price
C15 5.00 A 25-C 20 g 6.00
A2 6.00 A 26-C 21 h 6.00
A21-C18 2.00 A 27-C 22 i 5.00
A 22-C 17 8.00 A 28-C 23 i 4.00
A 23-C 16 6.00 A 32-C 26 5.00
A24C 19 4.00
Complete set - 63.00

Pris 15 kronor

Distribueras genom

Generalstabens Litografiska Anstalts Forlag, Vasagatan 16, Stockholm 1
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