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The existing theories for the paragenesis of the Pre-Cambrian albitites
of Kragerö and Bamble in South Norway are discussed, and considered
untenable in the light of present field and laboratory evidence.
It is proposed that an early ultrabasic crystallate, giving rise to magnesian
assemblages on alteration and metamorphism, was at times able to
separate out from an abnormally phosphorous- and volatile-rich gab
broic magma. The liquid remaining is considered to fall within a three
liquid field of a system silicate-Fe-oxid�-Ca-phosphate, separating
into a soda-silicic phase giving rise to albitites, a phosphorous phase
giving rise to apalite veins, and an iron phase giving rise to iron orcs.

INTRODUCTION

Interest has recently been revived in the Pre-Cambrian albitites of Kragerö
and Bamble in South Norway, and new proposals regarding their paragenesis
have been put forward. As the problem now stands, these can be divided
into three classes:
l) Derivation from amphibolite by partial melting (Elliott 1966).
2) Derivation by metasoroatic alteration of amphibolite (Green 1956).
3) Derivation from a gabbroic magma by a process of 'pneumatolytic
differentiation' (Brögger 1934).
A recent investigation by the writer (1966) of these rocks which occur
within tracts of gabbroic intrusions in a terrain of amphibolites, gneisses,
schists, quartzites, etc. making up the Pre-Cambrian Bamble Series, has found
all these theories as put forward wanting to a greater or lesser degree; not
only do they fail in explaining the chemical composition and mode of occur
rence of the rocks in question, but also the paragenesis of associated rocks
and mineral deposits.

PREVIOUS THEORIES OF FORMATION
l. The partial melting theory

Following the experiments on partial melting of amphibolite by Yoder
& Tilley (1962), Elliot (1966) proposed that at the P-T conditions he believed
were reached during metamorphism of the area, partial melting of the very
common amphibolite would be capable of forming an albitic fraction. able
to form albitites. This theory is considered untenable on the following
grounds:
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Fig. I. Compositions of albitites from the Stokollen-Biankenberg area, Kragerö, plotted by

Green on an Si02-NaAISi308-KAISi308 diagram. The low-temperature trough is indicated
by the stippled area. (From Green 1956, after Schairer 1950)

a.

-

Studies of the system Qu-Ab-Or-H20 by Tuttie & Bowen (1958)

and the system Qu-Ab-An-Or-H20 at the pressure of 2000 b:m by von
Platen (1965) revealed that such an initial melt will have potassium and
sodium contents of roughly the same order. The albitites in question were,
however, only found to contain on average about 0.75%

K20,

with an

Na20 content of over 6% (see also Fig. l from Green 1956); this ratio
is only altered slightly in favour of potassium in the subordinate albite
pegmatites, and in late-stage albite-carbonate dykes, in which sodium, how
ever, still strongly predominates.

b.

-

An albitic fraction as proposed would possess virtually no excess

energy, and in the absence of supercooling would immediately solidity in situ.
The excess energy necessary to keep such a fraction fluid to allow it to
consolidate into masses of the size required, would not be present if the
overall low An-content were to be rnaintamed at the necessary leve!.
Experiments by Winkler & von Platen (1961) and von Platen (1965) have
shown that such an initial fraction would form leucocratic bands of quartz
alkali-felspathic composition within the starting material; the result would
be the transformation to a banded gneiss, in which essentially no material
would enter or leave the system.
c.

-

The characteristic titanium-content of the albitites, which may in

certain case rise to several percent so as to cause the formation of a rutile-
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Fig. 2. MeJting curves of an alkali-basalt-water system. Proposed P-T conditions of Elliott,
and increase in temperature to melt the titanian phase indicated by the writer. (From Elliott

1966, after Yoder & Tilley 1962)

albitite, termed krageröite (Brögger 1904), cannot be the result of partial
melting. Before the increased temperature to melt the titanium phase (sphenc
in Fig. 2) would be reached, all the feldspar would have melted producing
an oligoclasite or andesinite. A localized introduction of titanium in
the form of fluorides and chlorides might be possible giving the concentra
tions encountered, but never a wide distribution as found.
d. -The P-T conditions, which were given by Elliott as those of the upper
almandine-amphibolite facies, should have persisted in many metamorphic
regions. One should consequently expect large bodies of albitite there, and
bodies of oligoclasite or andesinite where the P-T conditions were slightly
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exceeded. Large bodies of albitite are, however, extremely rare, being as
far as is known found in a similar setting only in Western Siberia.

e. - Lastly, no evidence exists as to the occurrence of a basic residuum
after the proposed 'melting out' of an albitic fraction from the amphibolites.

2. The metasomatic theory
The albitites have Iong been known to be in geographical association with
the gabbroic bodies of the region, termed 'hyperites', a fact that has been
brought out by recent mapping of the area (Batey 1965, Ryan 1966) and
by the work of the writer (1966). Green (loc.cit.) was also aware of this,
but failed to be able to envisage an albitic derivation product from

a

gabb

roic magma. He was possibly influenced by Bowen (1928) who rnaintamed
that magmas of albitite composition 'would be incapable of consolidation
in toto' as no volcanic rocks of that composition were found, a conclusion
which failed to account for the possible effects of pressure and volatiles. Green
thus envisaged a metasoroatic origin as suggested by Bowen, which led him
to

study the locally

developed

gradational

albitite-amphibolite

contacts.

Analyses from these transitions by the writer have shown that the transition
from amphibolite to albitite was marked by an increase in Na20 and Si02
(as already suggested by Green who only had optical data at hand) with

a

decrease in the other constituents, except Al203 which increased slightly.
A common type of transition appeared to be the result of a transfer of at
first Al203 (a), and later CaO (b) from the mafic minerals to the feldspar,
resulting in a progressive elimination of the former towards the albitite.
a.

- The destruction of horobiende affected

a

re-distribution of Al203,

eausing the transformation of amphibolite to a diopside-oligoclase rock. Horn··
blende was found to bre:1k up on account of induced Na20 and Si03 into
diopside, sphene, albite, anorthite and magnetite. The slight increasc in soda
content of the feldspar was overshadowed by its quantitative increase, re
sulting in a more leucocratic rock of dioritic aspect.

b. - Further increases in Na20 and Si02 brought about a redistribution
of CaO, manifested by the elimination of diopside in favour of micas and
chlorites, and the alteration of sphene to rutile.
During the latter process the rock progressively assumed the ch:J.racter of
albitite, which is camposed essentially of a granular mass of albite and quartz,
with only traces of magnetite, rutile, zircon, micas, chlorites, and regionally,
carbonates. Such an albitite may cover, as does the Storkollen-Blankenberg
body just west of Kragerö, an area of over Yz S::J.km.

This latter mass is

characterized, except for the local rutile concentrations, by its extreme purity.
The size and purity would appear to preclude a metasoroatic origin. An
almost total absence of iron, magnesium, etc. would either require a gross
dilution of the amphibolite by the metasomatizing agents, or the abduction of
large amounts of material, both seeming, by Jack of evidence, highly improb-
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able. In addition, it was possible to observe sharp, magmatic-appearing con
tacts, as on the northem edge of the albitite body on the centre of the island
of Langö near Kragerö.
3. The magmatic theory
Derivation from a gabbroic magma, such as gave rise to the closely
associated hyperites, was advocated by Brögger (1934). Brögger first came
to the area in the 1870s, and continued to work on it intermittently all
through the earlier part of this century. He finally gave a detailed accoum
of his results and observations in his great classic monograph 'The South
Norwegian Hyperites and their Metamorphism' of 1934. The little experi
mental evidence available at the time forced him into being samewhat
vague when he came to explain the exact mechanism of the magmatic deri
vation. He envisaged the albitites originating:
' . . . . . perhaps in consequence of the influence of mineralizers by a pneu
matolytic differentiation of the ferro-magnesian magmas of gabbroid rocks
. . . with which they are genetically connected . . . . . ' .
He did admit, however, that certain quantitatively restricted occurrences
showed metasoroatic features.
A large amount of field and laboratory evidence has become available
since, which has led more recent workers (J. Bugge 1943, Green 1956, Elliott
1966) to object to the idea of a highly sodic differentiation product from a
gabbroic magma. Green (loc.cit.) found that the chemical composition of
the albitites failed to fall within the low-temperature trough of the system
Ab-Or-Si02 of Schairer (1950) (Fig. 1), adding:
'Analyses of the Kragerö Gabbros show a markedly low potash content ...
but as some potash is present in all the gabbros, the residua} liquid would be
expected to contain at ]east as much potash, if not more, as the parent
magma ' .
Elliott (1966), reasoning along similar Iines, referring to work by Nockolds
& Allen (1953, 1954) writes as follows:
'The trends of basaltic differentiation are now weil documented, and are
marked in both the principal Iines of descent, by the simultaneous increase
in Na20 and K20'.
Both these arguments have their undoubted validity when considering
basaltic differentiation, in which the partial pressures of volatiles are sup
posed to be comp:1ratively low: On the other hand they must be considered
unsuitable for predieting the behaviour of a deep-seated gabbroic magma,
in which the volatiles are retained at high partial pressures. This is supported
by the conclusion from Goldschmidt (1954):
' . . . . the choice between the formation of pQtash feJdspar and biotite in
most cases depends on the water content of the magma. A gabbroid magma
containing water, (or dissolved water vapour) will favour the formation cf
the hydroxyl-bearing biotite . . . ' .
The actual amount invalved of K20 (�0.8 %) is, as already mentioned by
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Green. very small campared to about 3.0 % Na20 (from 33 hyperite analyses
of Brögger (1934) and Batey (1965).
Brögger's conclusions were based almost exclusively on field evidence;
they can thus only be considered in the light of systems which account for
the abnormally high P. Cl, and C02 content of the gabbroic magma that
gave rise to the hyperites, their scapolitization, and associated apatite deposits.

THE LIQUID IMMISCIBILITY THEORY
At one time it was considered that magmatic evolution in general might
be ascribed to a process of separation of magmas in the liquid state, an
idea that fell into disfavour when it was found that the liquid phases of
the then newly examined dry silicate systems remained homogeneous.
The views on magmatic rock evolution were consequently for many years
and are largely still dominated by the idea of crystal fractionation, i. c.
by the consecutive separation of solid phases from a liquid, resulting in a
progressive change in bulk chemistry of the latter. Sulphides excepted, it
was always assumed that the liquid remained a single phase, hut in 1927
Greig pointed out that this was sometimes not the case, and that liquid
components may show immiscibility under certain conditions with the for
mation of two or more liquid phases. On account of their differential
chemistry such liquid phases will exhibit different properties such as
specific gravity, viscosity, and ability to react with host rock; this may
result in their intrusion or separation into different levels of the country
rock. Some workers on magmatic ore deposits have Iong envisaged the
operation of such a process on grounds of field evidence alone: at Kiruna
vaara in Sweden, for instance, Geijer (1931, 1935) considered the phosphate
rich iron ores, which are closely associated with a leucocratic sodic syenite,
to have been formed by such a process. Recently, Philpotts (1967) in his
·
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study of the iron-titanium-apatite rocks associated with diorites in Southem
Quebec has also suggested this mode of formation.
Specific experimental evidence of Iiquid immiscibility in these systems
was brought forward in 1950 when Fischer carried out a series of experi
ments to see if Geijer's hypothesis was a theoretical possibility. Fischer
found it necessary to simplify the components, and to work at ordinary
pressure. The components he chose to represent the Kirunavaara material
were:

l. A sodic silicate of composition Na20 2.7Si02, corresponding to the low
·

temperature eutectic between 2Na20
2.

·

Si02 and Si02, for the silicates.

FexOy (oxidation state not controlled) for the iron ore.

3. Ca5(Po4)aF for the apatite.
Fluorine was kept in excess. Quenching mixtures of appropiate compo
sition proved the existence of a significant miscibility gap at

1400° C.

(Fig. 3). lmmiscibility was found by Fischer to be governed by:
a. The presence of volatiles, especially halogens.
b. The phosphorous content of the melt.
c. Alkalies in excess of lime.
d. The availability of iron etc. in the higher oxidation state (Feiii).
Fischer assumed that the other components usually found in silicate mag
mas which are not represented in the system (Al, Mg, K, Ti etc.), would
not be able to close the miscibility gap; this may in fact be enlarged under
a plutonic environment in view of the increased halogen activity, as also
endorsed by Philpotts (loc.cit.).

A pplication to the Kragerö and Bamble occurrences

There is, excepting sulphides, no evidence for the existence of a

m!SCI·

bility gap in normal babbroic magmas, as Fischer's conditions a, b, and c are
not fulfilled. However, in view of the extensive scapolitization and apatite
hearing veins associated with the hyperites, it is evident that the magmas
differed from normal in their high content of phosphorous, earbon dioxide
and chlorine.
During the course of hyperite intrusion, it is Iikely that cooling at times
proceecled slowly enough so as to allow olivine, pyroxene, and calcic plagio
clase to settie out as early crystallates, with the formation of rocks such as
peridotite and picrite. The liquid remaining, deprived of much of its lime,
but only very little of its soda, would in all prohability meet condition c
laid down by Fischer and fall within the field of exsolution; this would
result
phases:

in

its

break-up

into

a

soda-silicic

phase,

and

phosphorousjiron
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Gabbroic magma
rich in P, C02, Cl

(crystal fractionation) 600

Peridolite
Picrite

(phase separation)

P/Fe phases

Na-Si phase

The distribution of the remairring elements, predicted from geochemical
considerations, would then be as follows:
The early ultrabasic rock will abstract the aluminium required for pla
gioclase formation; the soda-silicic phase will contain the bulk of the re
mainder.
Titanium will divide itself between all phases.
Magnesium will be an essential constituent of the early ultrabasic rock.
Zirconium, boron etc. will go into the soda-silicic phase. It will now be
expedient to review the field occurrences of the rocks in question.
l. The hyperites and their associates
Groups of hyperite masses ranging from a few tens of metres to a few
kilornetres in diameter are found intrusive, often confined into 'tracts' in
an area of older gneisses, amphibolites, schists etc. Compositionally these
rocks range from gabbro to norite, with some bodies being picritic; the outer
parts of the bodies have been altered to amphibolite by metamorphism, so
that only the cores of the larger masses have remairred intact. Locally,
extensive scapolitization has taken place leading to the formation of a scapo
lite-homblende rock, termed 'ödegårdite' by Brögger in 1 894. The term
'hyperite ' covers these rocks collectively, and is often used as a field term,
taken to cover the metamorphosed products as weil, providing the parentage
is evident.
Within these hyperite regions several rock types occur, which have so far
defied paragenetic classification; these are the albitites and special magnesian
assemblages (gedrite rocks etc.).
Associated assemblages of recognized hyperite parentage comprise the
apatite deposits and the iron ores.
2. The albitites
These are considered as representing the soda-silicic phase in Fischer's
experiments. They are characterized by high Na20 (,...6., %) and very sub··
ordinate K20 (,...., 0. 75 %). Calcium may be sufficiently abundant to yield
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a feldspar of oligoclase composition. Up to

.--3%
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CaO may be present in

earbonate-hearing varieties. Quartz is generally present in significant amounts.
Subordinate minerals include diopside and actiDolite (at horders), magne
tite, sphene, rutile, zircon and tourmaline, further chlorite and epidote. The
writer found the albitites occurring as:
a.

- Large masses of granular rock, up to 8 00m in diameter, concordant

with the regional strike (NE-SW).

b.

- Discordant pegmatites and pegmatitic dykes, the latter often ear·

bonate-hearing (essentially calcite), considered to be of younger age, possibly
representing late mobilizates of the above. These are the 'carbonate-dykes'
of Kjerulf and Dahll (18 61).
c.

- Albite breccias, in which the matrix is albite and calcite as found

on the istands of Langöy (Langö) and Gomöy (Gumö).
The influence of metamorphism appeared to range from a limited number
in type (a) to none in type (c), roughly inversely proportional to the ear
bonate content
A certain amount of Ti02 is to be expected in the soda-silide phase; the
albitites always contained some titanium, an accepted minor constituent of
sodic rocks in general. This was present either as rutile or sphene, the
choice being found to depend on the composition of the feldspar. Petro
graphic examination coupled with feldspar analysis indicated that the sphene
rutile transition took place at about An10, rutile being the stable phase in
association with albite, sphene with oligoclase. It is this transition which
was unquestionably responsible for the destruction of sphene in the very
albitic melts of the system albite-anorthite-sphene as examined by Prince

(1943).

Shou1d the Ti02-content be significant, rising to about 2% or more,

a rutile-albitite termed 'krageröite' (Brögger 1904) is formed. Previous theo
ries have always failed to explain the paragenesis and significance of this
rock, consisting essentially of rutile and albite with quartz. Locally, the
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rutile is concentrated in to 'schlieren'. resulting in rutile deposits such as at
the farnous mines of Kragerö, and the smaller scattered ones in Bamble.
The presence of tourmaline and the ubiquitous presence of zircon in the
albitites and krageröites shows that B and Zr were also available during
their formation, as seems logical for a soda-silicic phase.

3. Complimentary products
The magnesian rocks are considered representatives of the altered and
metamorphosed ultrabask crystallate; picrites and peridotites will be most
subject to alteration, forming serpentinites which would in tum be rapidly
destroyed by metamorphism. The locally well-developed gedrite-rocks could
thus be formed following metamorphic

convergence. This

source might

further be investigated in an attempt to determine the origin of the cordi
erite-anthophyllite assemblages distributed throughout the area.

The apalite veins would represent part of the phosphorousjiron phases.
4),

Jn his examination of the system FexOy- Ca5(P04hF- Si02 (Fig.

Fischer (loc.cit.) found that separate iron- and phosphorous-rich liquids will
form at low silica-contents. The series of apatite deposits distributed over
the area under consideration from Bamble through ödegården to Kragerö
is strictly confined to the hyperite tracts. Described by Brögger & Reusch

(1875) and Sjögren (1890), they were formerly of considerable economic
importance.

The

common

association

apatite-phlogopite-enstatite

would

suggest that these deposits also contained the bulk of the potassium and
some of the magnesium of the original magma.

The iron ores, composing the deposits at Kalstad-Kragerö and on the
island Langöy near Kragerö, are considered as representing the compli
mentary phase to the latter. The L�mgöy deposits, described by Vogt (for
the last time in 1918) are still worked. The iron is found as magnetite and
haematite, associated with albite, quartz, and calcite.

CONCLUSIONS
The outlined hypothesis can explain the ongm of several hitherto gene
ally undefined rock-types and mineral deposits encountered in association
with the hyperites of the Kragerö and Bamble region, all forming essential
components in a genetic system.

The basic requirements for liquid immi

scibility appear to be a high content of chlorine andfor earbon dioxidc
with phosphorous, coupled with slow cooling to permit the early crystalliza
tion of olivine, plagioclas:!, and perhaps pyroxene - conditions undoubt
edly met at times during the otherwise normal course of crystallization of
gabbroic magma into bodies of hyperite. This process can be represented as
follows:
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Gabbroic magma

(rich in P, Cl,

C02)

l
(crystal fractionation)

-----

Peridolite Picrite

1
(Jiquid immiscibility)

(alteration)

l
Ore phases

l
(liquid immiscibility)

(metamorphism)

l
Ironpliase

Phosplwrouspliase

Soda-si/icicphase

(crystallization,
often reaction
with amphibolite
at horders)
APATITE DEPOSITS

IRON ORES

ALBITITES

GEDRITE ROCKS

In general, albitites can be said to be of very restricted but world-wide
occurrence.

They have been found associated with almost every major

type of plutonic rock. They may also be of secondary or low-grade meta
morphic origin.

Some are unquestionably metasomatic.

Brögger began by

examining the purest varieties west of Kragerö, and, by applying the term
'albitite' (Turner

1896),

eaused later diserepaodes in nomenciature when it

was found that minerals other than albite often composed more than l O or

15%.

or the feJdspar was oligoclase. Conversely, some rocks which might

unquestionably qualify as albitites have elsewhere been described by terms
such as 'soda-aplite' or 'ultra-leucocratic soda-syenite'. Albitites, as in the
association described, are definitely very rare. One occurrence which might
be considered partly analogous is that described by Kurzerayte & Kurganykov

(1963)

from Western Siberia. Here the association of albitites with gabbros,

'g1bbro-norites', and olivine gabbros is again marked by the abundance of
phosphorous. For the albitites as a whole, it must, in view of their extremely
varied associations, be concluded that many processes lead to their formation.
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