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SEDIMENTARY PYRITE AND ITS
METAMORPHISM IN THE OSLO REGION
BY
PAUL ANTUN

(111,

rte de Gilsdorf, Diekirch, Luxembourg)

Abstract. Occurrence, morphology, and metamorphism of sedimentary pyrite
of the lower part of the Cambro-Silurian sequence (black shales, marls, and
limestone) are described. Pyrite and trace amounts of sphalerite are the only
sulfide minerals in the unmetamorphosed areas. Within the thermal aureole
of the Permian Drammen granite, pyrite has been completely replaced by
homogeneous monoclinic pyrrhotite. This replacement is found up to 3 km away
from the granite contacts; an outer zone of the aureole can be defined in which
pyrrhotite replaces pyrite, but no other contact-metamorphic minerals appear.
The transformation probably took place below 320°C and as the consequence
of a very low partial sulfur pressure. The latter is thought to be due to the
intrusion at high level, which enabled gases generated in the homfelsed inner
aureole to escape in a steady stream removing sulfur at the same time. The
use of metamorphic pyrrhotite as an indicator of the depth of metamorphism
is suggested.

Introduction
Sedimentary pyrite is abundant in the basal beds and in the overlying
alum shale (lithostratigraphic unit) of Cambrian age which rest un
conformably on the Precambrian basement of the Oslo Region. It is
abundant too in the Lower Ordovician graptolite shales, marls, and
limestones. Many occurrences of pyritiferous strata have been men
tioned by earlier authors, particularly BROGGER (1882).
The pyritiferous rocks were folded during the Caledonian orogeny,
when the Oslo Region occupied an intermediate position between the
stable Baltic foreland and the geosynclinal trough of the Scandinavian
Caledonides. As this folding took place under a moderate rock load
only, neither the texture nor the mineralogy of the rocks was changed
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to any considerable extent; fracture cleavage is absent and the sedi
mentary structures are wellpreserved. The folding, however, was not
wholly without effects and bituminous substances, for example, were
transformed to graphitoid carbon. Nevertheless, the state of the rocks
outside the thermal aureole of the Permian intrusives will be qualified
here as 'unmetamorphosed'. SPJELDNÆS (1954) has given a short des
cription of the sulfide mineralization of unmetamorphosed basal beds.
The sulfides of unmetamorphosed alum shale have been examined by
0FTEDAHL (1955) and by BASTIANSEN, MOUM & ROSENQVIST (1957).
It is well known that during the Permian the Oslo Region was down
faulted and at the same time invaded by vast amounts of varied
alkaline magmas, which formed bodies varying in size from plutons
down to narrow dikes. In the thermal aureoles, the place of pyrite is
taken by pyrrhotite. That the common pyrrhotite of the Cambro
Ordovician rocks was formed at the expense of sedimentary pyrite was
recognized by BROGGER (1882) and GOLDSCHMIDT (1911).
The present note deals with the occurrence, morphology, and meta
morphism of sedimentary pyrite of the lower part of the Cambro
Ordovician sequence between the city of Oslo and the Drammen
granite. The intention of this paper is not to exhaust the subject
but to draw attention to it. The field observations were initiated when,
in 1962, during a post-doctorate fellowship at Geologisk Museum,
Oslo, (financed by Norges Teknisk-Naturvitenskapelige Forsknings
råd) fresh alum shale was blasted in the neighbourhood and attracted
the interest of the author, who bad former!y worked on metamorphosed
pyrite from the Belgian Ardennes ( ANTUN 1954) . From time to time
these observations were extended to excavations in the city of Oslo
and to exposures between Oslo and the Drammen granite area. The
laboratory work was performed at Lovanium University, Kinshasa
(formerly Leopoldville), Congo.
Sulfides of the unmetamorphosed rocks
SULFIDES OF THE BASAL BEDS

The basal beds of the Palaeozoic sequence are well exposed in the
Slemmestad area between Oslo and Drammen. As shown by SPJELD
NÆS (1954) , the precambrian gneisses have been altered along the
Cambrian peneplain to an arkosic, now recrystallized, grit, which
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by taking up foreign pebbles grades into the basal conglomerate soem

40

cm thick. This is followed by about

40 cm of limestone above which

the base of the alum shale is exposed.
The basal beds are mineralized in two ways:
l) The limestone is rich in small pyrite spheres concentrated in streaks
parallel to the bedding. Spjeldnæs is of the opinion that this pyrite is
syngenetic and I share his views.
2) The same layer and the conglomerate are cut by numerous irregular,
narrow veinlets filled with coarsely crystalline carbonate, brown
sphalerite, argentiferous galena, and some pyrite and chalcopyrite.
According to Spjeldnaes, this mineralization follows the same beds for
many miles and it is stratiform, despite the cross-cutting behaviour
of the individual veinlets. I think that it is secondary and that it has
been emplaced by hydrothermal solutions during a period of tectonic
disturbance. One such period is the Permian faulting of the region.
This has certainly caused some strain along the discordance, and
emanations from the subcontemporaneous intrusives might have
followed this path. In general, however, Permian mineralizations are
very localized and mostly restricted to the contacts of the intrusives.
It is therefore more probable that the basal beds were mineralized
during the Caledonian folding.
If these opinions are correct, then the syngenetic pyrite of the lime
stone, and the pyrite of the vein-mineralization as well, must have been
transformed into pyrrhotite in the thermal aureole of the Drammen

granite. Pertinent observations can be made on the road Slemmestad
Gjettum. The snow-cover made verification impossible during the
winter 1962/63.
SULFIDES OF THE ALUM SHALE

The Cambrian alum shale and the lithologically identical Lower Ordo
vician Dictyonema Shale were originally compacted to finely laminated
muds, rich in organic matter and in pyrite. They were laid down in the
stagnant waters of a shelf which extended over a great part of the
present Baltic.

Limestone layers and concretions with preserved

benthonic faunas show that the foul bottom-waters were periodically
reoxygenated. Around Oslo this suite is about

60

m thick.

The shale is fine-grained and characterized by a deep black streak.
It may separate along flat bedding-planes. Very often, however, the

214

PAUL ANTUN

shale - particularly its carbon-rich varieties - is crossed by numerous
brilliant, slickensided shear-planes inclined at low angles to the bedding.
Unmetamorphosed shale occurs at many places in Oslo. It has been
studied by 0FTEDAHL (1955) and by BASTIANSEN, MOUM & ROSEN
QVIST (1957) from the standpoint of its rapid alteration which causes
difficulties in construction work. I have studied specimens from Toyen
and from the vicinity of the East Railway Station. They are composed
of a considerable amount of clastic, angular quartz and some subsidiary
feldspar grains, predominant clastic white mica in tiny flakes, an ill
defined brownish elay mineral, and of carbonaceous matter and pyrite.
Accessory components are carbonate, detrital zircon and rutile, and
traces of sphalerite. Variations in the relative amounts of the essential
components occasion a slight zoning: quartz and feldspar, which mea
sure on the average 5 to 10 microns only, may be concentrated in
thin foliae where their size then rises to 40 microns, and pyrite also
forms lenticular accumulations. The mica flakes are dash-like in
section and they rarely exceed 30 microns; most of them are parallel to
the bedding, imparting a planar texture to the shale, but some are
transverse. Detrital biotite is absent and the brownish clay substance
is a poorly crystallized, weakly birefringent chloritic mineral.
As for the carbon content, it averages 7 to 8%. According to BAs
TIANSEN, MOUM & ROSENQVIST (1957) the carbon is anthracitic - as
opposed to the graphitic carbon of alum shale equivalents of the strong
ly folded north Norwegian Caledonides and to the bitumen of the still
flat-lying Esthonian and south-Swedish alum shales. In fact, the carbon
of unmetamorphosed Oslo allum shale is in a so-called pregraphitic
state (cf. RAMDOHR, 1955). This is not readily seen on X-ray powder
diagrams because of the irregular c-spacing, but it appears clearly
in polished sections. These show a very abundant opaque component
present as a cement network and forming, moreover, small and thin
lenticles elongated parallel to the bedding. The bigger ones have often
been disrupted by cracks subperpendicular to their elongation and
they then show a wavy extinction; it is certain that this is a result of
the Caledonian folding. More rounded accumulations of a similar
material are also observed. This substance has been described and
figured by 0FTEDAHL (1955) and it has been tentatively identified by
him as pyrrhotite formed during the Caledonian orogeny. It gives,
however, no pyrrhotite X-ray reflections and it can be readily shown
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to be chemically inert. The reflection characteristics in polished sections
are not those of pyrrhotite, but approach closely those of graphite:
strong pleochroism with No
light grey parallel to the elongation of
very low and similar to the reflectivity of the
the lenses, and Ne
accompanying silicates in the direction normal to it. Between crossed
nicols, the anisotropy is high, though not so pronounced as that of
strongly ordered graphite, and a slight deviation from the extinction
positions causes a bright yellowish tint. Furthermore, in approaching
the Permian intrusives, these lenticles take the characters of perfectly
ordered graphite.
Since I have not been able to detect even a trace of real pyrrhotite
in specimens of alum shale taken away from Permian igneous rock.
I must conclude that this sulfide is absent in unmetamorphosed alum
shale. With the exception of trace amounts of sphalerite, the only
sulfide present in such shales is pyrite. BASTIANSEN, MouM & RosEN
QVIST (1957) state that the S-content averages 5 to 7%, i.e. about 9 to
13% FeS2• The pyrite occurs as a fine dispersion, as pyritized grapto
lites, and as concretions. Some pyrite has migrated and recrystallized
in cracks and joints.
In its dispersed form, the pyrite is present, on the one hand, as globu
les measuring around 5 microns and, on the other hand, as crystals of
similar size. The former may be compared to the so-called pyritized
bacteria which are so common in sediments. They are an agglomeration
of pyrite points of sub-micron size, either separated by matter of low
reflectivity or cemented by later pyrite into massive globules. They may
be more abundant in certain strata than in others, but are otherwise
evenly scattered throughout the rock. Undoubtedly, the globules
have been formed within the mud at an early stage of its evolution.
The pyrite crystals must have grown somewhat later since they are
sometimes moulded onto neighbouring globules. Although such globules
show traces of corrosion, the well-crystallized pyrite cannot have grown
at their expense since its amount almost equals that of the globular,
formerly colloidal, pyrite. The crystals measure up to 30 microns,
rarely more; they also form quite commonly flat, spongy lenses of
mm-size along bedding planes. Such lenses grade on both their sides
into the infiltrated surrounding shale. This proves that they formed
within the sediment. In one case, a small speck of a yellow isotropic
mineral of very high refraction was seen in a thin section. It dissolved
=

=

216

PAUL ANTUN

Fig. l. Polished section of complex pyrite concretion from the Dictyonema Shale,
Toyen, Oslo. The photograph shows a dark outer rim, formed by fine-grained,
impure pyrite and a light grey mass of dendritic, coarse-grained pyrite (central
part) merging into massive pyrite with cone-in-cone structure (especially well
developed in the upper part of the concretion).

readily in HN03 and was thus most probably sphalerite. Traces of
ZnS were identified also in polished sections. In some specimens
carbonate grains were fairly common and carbonate is also a constituent
of the concretionary pyrite lenses. Judging by the undulating extinc
tion it seems to be, in some instances at least, siderite or ankerite.
The pyrite concretions of the alum shale have varying shapes, but
in contrast to those of the overlying strata they are never spherical.
They are all transitions between the already mentioned concretionary
lenses of mm-size and flat, amoeboid drops of more than a cm, con
centrated along specific bedding-planes. Other concretions attain up
to 30 cm.
A common type of these bigger concretions is made of stout, trun
cated cones and of cylinders, which may occur individually or coalesce
into embossed ellipsoidal lenses.
In cross-section (see Fig. 1) , such concretions display three more or
less distinct zones: l. A core made of coarse, somewhat skeletal, radi
ating and curved crystals with toothed outlines. They branch and
enclose polygonal areas of not impregnated, dark shale. 2. The core
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merges into an intermediate zone composed of fibrous pyrite with
cone-in-cone structure. 3. This is sharply set against an outer, very
fine-grained, dark zone made of 2/3 pyrite and 1/3 silicate.
The origin of these concretions may be pictured as follows: l. During
an initial stage, the sulfide concentrating around the nucleus was
capable of rapid diffusion and growth and it formed coarse crystals
which were able to push the mud, then still compacted, aside.
2. With time, while sulfide still arrived, the compaction of the
mud around the concretion reduced pore-space and slowed down the
diffusion towards isolated big crystals. The resulting supersaturation
caused a rapid multiplication of crystallization centres and fibrous
growth. The fibres directed towards the interior were rapidly sup
pressed. Those pushing tangentially exerted a pressure one against
the other since, although they were pratically in contact, they re
mained separated by films of organic matter along which diffusion
of sulfide and ensuing growth could continue. It can be seen under the
microscope that such fibres, growing in opposed directions, curve
outwards as they approach each other. Those fibres favourably oriented
could even continue to grow laterally after having come into contact.
As a result of this tangential expansion of the fibrous shell, sub
conical shear-planes developed. 3. When the supply of sulfide or solvent
was exhausted, there remained around the cone-in-cone layer a zone
only partially impregnated with pyrite and this was no longer capable
of self-purification.
Another common type of concretion (see Fig. 2) is almost perfectly

ellipsoidal. It seems to be related to the presence of a rather porous
stratum. In this stratum, pyrite concentrated and crystallized as
rugged, coarse individuals, separated by silicate, and it formed the
core of the concretion which still shows indications of layering, in
herited from the impregnated and swollen stratum. Around this core
and against more impervious shale, an outer, massive layer of fibrous
cone-in-cone pyrite was formed. It shows two characteristic, protruding
rings located on either side of the equatorial plane at the loci of maxi
mum curvature. In my opinion, these rings result from the expansion
of the cone-in-cone layer whose flat polar caps and flat equatorial belt
worked here in directions almost perpendicular one to the other.
Describing similar concretions, BROGGER (1882) expressed the opinion
that the pyrite was pseudomorphous after carbonate. This is certainly
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Fig. 2. Cross-section of an ellipsoidal pyrite concretion from the alum shale.
The drawing shows a zoned core of more or less coarsely crystalline and pure
pyrite and a massive shell with cone-in-cone structure.

not the case. Associated carbonate concretions show no replacement
by pyrite and have a different and quite characteristic outer shell
(anthraconite layer) .
SULFIDES AND BARITE OF THE LOWER ORDOVICIAN ROCKS

The alum shale and the Dictyonema shale are followed by 15 m of dark
shales with big carbonate concretions and thin, light-coloured limestone
layers. As indicated by their cone-in-cone structure, a good many of
these limestones have a concretionary origin. These shales and the
overlying Ceratopyge Limestone (l m), Lower Didymograptus Shale
(9 m), and the base of the Orthoceras Limestone were examined on the
shore of Bjerkåsholmen (near Slemmestad) and in temporary exposures
in the new underground railway station at Toyen (in Oslo).
In most of these rocks, pyrite is abundant. It often forms rounded,
co3:rse-grained concretions with radial structure, but cone-in-cone
lay�!s have never been seen (Fig. 3). These pyrite spheroids may mea
sure up to several cm and congregate along bedding planes. In the
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Fig. 3. Cross-section of a spheroidal pyrite concretion of the Lower Didy
mograptus Shale from Toyen, Oslo. The drawing shows the coarse grain and the
radiating structure.

Orthoceras Limestone, pyrite has also been concentrated along stylolitic
joints through dissolution of the enclosing limestone.
A similar abundance of pyrite has been reported from synchronous
beds in Scania (southern Sweden) by TJERNVIK (1958). In both places
the rocks contain horizons rich in glauconite and phosphatic pellets,
which indicate pauses in sedimentation (JAANUSSON 1961) . Around
Oslo, they also contain crystals of diagenetic barite. This barite was
originally thought to be pseudomorphous after gypsum (REUSCH
1884). It makes its appearance in the greyish and black, slightly
dolomitic shales of the Lower Didymograptus Shales. Barite is also
known from Scania where it occurs as lenses and lumps and as scattered
fusiform crystals in the alum shale and in different zones of the Dictyo
nema Shale (TJERNVIK 1958) .
The barite of the Oslo rocks generally has a complicated habit,
and it has very often been replaced, partially or wholly, by granular
quartz, carbonate, and small pyrite crystals. The best material is
provided by a layer of light grey, dol01nitic marl, situated about l m
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Fig. 4. Sketches of barite section subperpendicular to the three principal indice
a)
b)
c)

to Np (= c)
to Ng (=a)
toNm (=b)

above the Ceratopyge Limestone on Bjerkåsholmen. The marl contains
numerous small lozenge-shaped crystals, 0.5 to l cm long. During their
growth, they include mud particles concentrated along curved
planes. The latter do not deflect the cleavage planes and they are
without effect on the optical orientation. No deformation is connected
with them. They cause, however, a somewhat skeletal morphology,
parts of the crystal delimited by them advancing more or less into the
surrounding matrix. The angular relationships between plane outlines,
as seen in thin section, and cleavage or principal optical planes allow
the attribution of the former to the forms (011), (001) , (210), and to an
(hOl) dome (see Fig. 4) .
Identical crystals occur in black dolomitic marls of the same horizon
in the Toyen underground railway section and, in the form of quartz
carbonate pseudomorphs, in the 'Graptolite Valley' near Slemmestad.
Much bigger crystals, grouped in rosette-like aggregates, can be seen
on Bjerkåsholmen about l m below the base of the Orthoceras Lime
stone. These crystals are flattened in the (001) plane, but they show a
lenticular habit and curved outlines which cannot be indexed. In
fact, the curved faces are formed by innumerable small teeth bound
in part by (011) and for the rest by irrational planes determined by
accumulated inclusions of mud-particles (see Fig. 5).
Barite must be quite frequent, since it has also been reported in an
identical stratigraphic position from St. Olavs Plass in Oslo and from
Helgoya in Mjosen {REUSCH 1884) . It probably originated during tem-
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Fig. 5. Cross-section of a barite-rose from the Lower Didymograptus Shale of
Bjerkåsholmen. The photo shows radiating lenticular, crested crystals. In the
present case, no barite is preserved. The crystals are pseudomorphs formed of
quartz, carbonate, and pyrite.

porary pauses in sedimentation which led to partial or total oxidation
of the upper foul-mud layer. This is indicated by the often greyish
color of these dolomitic marls. During such periods, the already formed
pyrite could be oxidized and the increasing sulfate-ion concentration
in the pore-waters of the mud could initiate the precipitation of barium
sulfate. When the mud eventually returned to a reducing environment,
the sulfate was destroyed and the barium redispersed.

Sulfides of the metamorphosed rocks
GENERAL REMARKS

The metamorphism of the Palaeozoic sediments around the Oslo
intrusives has been treated by GoLDSCHMIDT (1911) in a classic memoir.
He concentrated on the inner aureole, i.e. on the pyroxene hornfels
facies where equilibrium has been realized. The situation in the zone
transitional towards the unmetamorphosed rocks is not so well studied
and not so clear.
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It is not the object of this paper to enter upon these questions, but
the following may be said: As mapped by BROGGER & SCHETELIG

(1917) ,

the outer limit of the contact aureole of the Drammen granite

appears to be based on the occurrence of calcsilicates. In my own
short experience, this limit extends farther away from the contact than
a limit based on the appearance of biotite would do. In general, the
carbonate-bearing strata are already completely transformed where
purely pelitic rocks still retain their original mineralogy - with the
exception that pyrite has been transformed into pyrrhotite. The fact
that carbonate-bearing rocks recrystallize readily in thermal aureoles
has been known for a long time. It is most striking when carbonate
concretions simulate a selective metamorphism and examples are
abundant in the Oslo region. For example, on the road Foss-Bo
(S of Slemmestad), the shales below the Orthoceras Limestone seem
unaltered, while the carbonate-bearing concretions within them are
wholly transformed and show the following mineral assemblages:

l)
2)

Epidote-prehnite-actinolite-chlorite-pyrrhotite-apatite
Epidote-prehnite-diopside-calcite-pyrrhotite-apatite

Thus, diopside-bearing concretions occur side by side with actinolite
bearing ones at the outer liinit of the calcsilicate formation. The
apparent low-temperature origin of the diopside is confirmed by the
occurrence of sharp crystals in seemingly primary prehnite, and both
facts indicate that the formation of diopside (associated with calcite)
versus the formation of actinolite (associated with chlorite) is not so
much a function of temperature as a function of the CafMg ratio of the
rock. The pyrrhotite and apatite of the concretions are clearly derived
from sedimentary pyrite and phosphate. The apatite is peculiar: it
has a short prismatic habit and between crossed nicols it shows an
anomalous sixfold sectoral structure in basal sections.
As already indicated, the thermal aureole can be traced even beyond
the occurrence of calcsilicates, with the aid of the pyrite-pyrrhotite
transformation, in carbonate-bearing rocks as well as in purely pelitic
rocks. Around Slemmestad, pyrrhotite appears abruptly - and pyrite
disappears at the same time completely - as far as

3

km away from

the contact of the Drammen granite and about 500 m before the first
calcsilicates. I have especially examined pyrrhotite from this outer
zone.
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Fig. 6. Cross-section of a metamorphosed concretion of the Lower Didymograptus
Shale from the 'Graptolite Valley', Slemmestad. The drawing shows that in
comparison to the concretion of Fig.

3

the originally spheroidal mass has col

lapsed. It consists of a pure pyrrhotite core (white) surrounded by a rim of pyrite
with quartz and carbonate.

TRANSFORMED PYRITE CONCRETIONS OF THE LOWER
DIDYMOGRAPTUS SHALE

On Bjerkåsholmen, spheroidal pyrite concretions (Fig. 3) occur, un
accompanied by pyrrhotite, in the unmetamorphosed greenish marl
overlying the Ceratopyge Limestone. In 'Graptolite Valley', about l km
away, the same layer, characterized by its colour, dolornitic nature,

barite crystals, and typical graptolites, exists and here it shows pyr
rhotite concretions of comparable size.
These concretions no longer have their original shape, but appear
somewhat flattened. This change is probably due to the volume reduc
tion (about 20%) involved in the passage from pyrite to pyrrhotite.
As shown by Fig. 6, most concretions are rimmed by a narrow,
sometimes incomplete zone formed by small idiomorphic pyrite
crystals whose polygonal interstices are cemented by quartz and
carbonate. Th.e limit between the concretions and the surrounding
marl has remained clear-cut. It is dentate as in the original pyrite
concretions. But, whereas in the latter the teeth are caused by projec
ting pyrite individuals with crystal outlines, this is not the case in the
pyritic rim of the transformed concretions. Here, the size of the pyrite
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Fig. 7. Polished section of part of the concretion of Fig. 6. The photo shows in
the upper left corner the contact between the pyrrhotite (light grey) of the core
and the pyritic rim. The latter (white) contains many dark pores filled by quartz
and carbonate which enclose small chalcopyrite and pyrrhotite grains. It also
shows that the pyrite is idiomorphic within the rim, but not against the surrounding dark shale (lower right corner).

grains is much smaller and these grains are xenomorphic against shale
and without relation to the teeth, although, within the rim, the pyrite
grains show good idiomorphism. It is therefore clear that the pyritic
rims are by no means remnants of the original concretion., but that they
are secondary and formed at the expense of pyrrhotite. The quartz
carbonate cement is contemporaneous with the pyrite which, during
its growth, has included many tiny particles of these minerals arranged
parallel to its crystal faces (see Fig. 7).
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The pyrite is idiomorphic against the pyrrhotite of the core. Since
veins of pyrite penetrating the latter are lacking, it is logical to assume
that the attack on the pyrrhotite took place statically, in a quiet
environment. In my opinion, it was caused by the instability of the
FeS, exposed at the close of the thermal action, i.e. with falling temper
ature, to water vapour and carbon dioxide, which still escaped in
considerable amounts from the inner aureole. The transformation
may be written as:
2 FeS + C02 +O= FeS2 + FeC03
This reaction implies a volume reduction of the sulfide amounting to
about 1/3 of the replaced pyrrhotite. The measured pore space between
the pyrite crystals was found to vary between 26 and 31%, which is
in reasonable agreement with the hypothesis. The fact that the associ
ated carbonate is rich in iron also lends support to it.
The pyrrhotite of the core has a granoblastic, but feathery, structure
and shows some indications of radial arrangement inherited from the
pyrite. The whole core is pure pyrrhotite, without inclusions of matrix
and without any other sulfides, just as the starting material was pure
pyrite. The individual pyrrhotite grains are optically homogeneous,
consisting of one phase only. They are ferromagnetic and diffrac
tometer measurements show that they are monoclinic: instead of a
single peak, corresponding to the (102) reflection of FeS with NiAs-struc
ture, the powder examined show two peaks of equal intensity at 2.055 A
and 2.065 A respectively. These values correspond to the spacings of
monoclinic pyrrhotite (see below). It may be added that incipient
weathering has caused thin irregular cracks in all specimens, which give
rise to zoned, colloform veinlets and to typical 'bird's eyes', made of
very fine-grained pyrite and of a translucent cement.
The pyrite rim has a more complex composition than hitherto indi
cated: it shows generally small amounts of chalcopyrite, sphalerite, and
glaucodote. Chalcopyrite often forms a narrow seam between pyrite
cubelets and the pyrrhotite of the core and it encroaches on the latter;
small chalcopyrite specklets, enclosed by quartz and carbonate and
associated with tiny pyrrhotite relics, are also present in the pores of
the rim. Trace amounts of sphalerite and of glaucodote accompany
the chalcopyrite. These phases are wholly absent from the pyuhotite
core and it seems thus as if they participated in the attack on the
latter. I do not, however, believe that Cu, Zn, Co, and As are foreign
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to the original concretion and its immediate surroundings: chalcopyrite
is also unduly frequent in the marl adjacent to the concretion, where
it occurs as tiny points and, together with pyrrhotite, quartz, and
some coarser mica, within flat ribbons lined by graphite and repre
senting probable graptolite casts. The same phases exist in trace
amounts within the impure pyrrhotite concretions with cone-in-cone
structure of metamorphosed alum shale (where they are not accom
panied by pyrite). And it may be remarked that pyrite cubes of
Devonian schists of the Belgian Ardennes, where transformed into
pyrrhotite, show trace amounts of chalcopyrite localized preferentially
along their periphery (ANTUN 1954).
All these observations indicate that Cu-, Zn-, and Co-bearing phases
arise when pyrite is transformed into pyrrhotite. These trace metals
and As may have been camouflaged within the pyrite and they may
have been concentrated within its exterior parts. It is equally possible
that they were originally held in clay or carbonate minerals of the
surrounding rock and that they reacted with sulfur released by the
dissociating pyrite. The association of these phases with the secondary
pyrite observed in the present case would then indicate only that they
were remobilized during the attack on the pyrrhotite.

TRANSFORMED PYRITE CONCRETIONS FROM THE ALUM SHALE

Despite its very fine grain, the alum shale has resisted thermal meta
morphism rather strongly. It may be that inert graphite films inhibited
a more prompt reaction between the components. Andalusite-cordierite
hornfelses are confined to the very contacts of the Drammen granite.
Spotted slates with small micaceous pseudomorphs after cordierite
and with sphene microblasts are also of limited extension. At some
hundred metres from the contacts, the alum shale is only hardened.
It may be (as pointed out to the author by I. Th. Rosenqvist) that the
sericitic mica, part of which has probably a lM-structure in the un
metamorphosed shale, has passed wholly to a 2M�structure, but, apart
from the readily apparent fact that pyrite has been replaced by pyrrho
tite, such hard shales show no optically recognizable mineralogical
change and their grain size is unaltered.
As mentioned before, the pyrite-pyrrhotite transformation is visible
beyond the calcsilicate limit of the aureole. It has even been assumed
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Fig. 8. Polished section of a metamorphosed alum shale concretion showing
quartz and mica (dark grey), pyrrhotite (medium grey), chalcopyrite grains
(grey with dark contours), and a crystal of glaucodote (white).

that unmetamorphosed alum shale contains pyrrhotite besides pyrite.
I have demonstrated that this is not the case, but I admit readily
that traces of pyrrhotite may have been formed outside the aureoles
of the plutonic bodies dose to the contacts of minor intrusions, such
as dikes. BASTIANSEN, M ouM & ROSENQVIST (1957) have identified
monoclinic pyrrhotite in small amounts in a sample of alum shale from
Toyen, and I think that this must have come from the vicinity of one
of the dikes which exist there.
Around the Drammen granite, pyrrhotite replaces pyrite suddenly
and completely. Alum shale showing much pyrrhotite was examined
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on the road Slemmestad - Åsgård, about l km from the nearest
outcrop of the granite. Fe-S occurs - just as does pyrite in unmeta
morphosed shales - as a fine dispersion and as concretions. Closer
examination shows that the latter often have a still discernible cone-in
cone structure. The sulfide leaves of the cones are formed of grano
blastic, equant pyrrhotite grains; the dark shale leaves show quartz
and mica interwoven with pyrrhotite and strongly anisotropic graphite.
Associated with the pyrrhotite are trace amounts of chalcopyrite
(0.2% vol), sphalerite, and a few sharp idioblasts of Co-bearing arseno
pyrite, i.e. glaucodote (Fig. 8).
The whole rock and the concretions are crossed by small, discon
tinuous, massive pyrrhotite veinlets. They are lined by granoblastic
quartz, albitic plagioclase, and chlorite and formed by stout pyrrhotite
prisms with elongation normal to the walls. Some deformation is
indicated by the sigmoidal curvature which the pyrrhotite grains often
show in the interior part of the veinlets; the same parts are charac
terized by a relatively high amount (l% vol) of chalcopyrite. These
veinlets must have originated by lateral secretion during movements
which were related to the emplacement of the granite. The pyrrhotite
veins themselves are cut by still later veinlets filled with pyrite. It is
most probable that these pyrite-filled fissures were produced towards
the close of the metamorphism, when temperature returned to normal
values. The same origin must be admitted for pyritic spots seen in the
alum shale between Åsgård and Fossum, close to the granite, where
the pyrite encloses the chlorite scales of cordierite pseudomorphs.

THE GEOLOGICAL SETTING AND THE
PYRITE-PYRRHOTITE TRANSFORMATION

Pyrite is wide-spread in sedimentary rocks and so is pyrrhotite in
many of their metamorphic derivatives. The pyrite-pyrrhotite reaction
is therefore of a general geological interest. In the following, an attempt
is made to estimate its significance.
The transformation depends on the composition of the system, i.e.
the rock, and on the external conditions, i.e. the geological setting.
We shall first neglect the influence of rock composition and briefly
review the established facts concerning the stability of pyrite and
pyrrhotite in the pure Fe-S system.
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The phase-relations are complicated by the fact that iron 'mono'
sulfide has a variable composition and occurs as several modifications.
Above 320°C, the temperature of the beta-transformation, pyrite is in
equilibrium with hexagonal FeS showing an NiAs-structure ( GRaN
VOLD & HARALDSEN 1952). At 743°C, the pyrite field disappears and
FeS becomes stable in contact with liquid S. The high-temperature
(gamma-)pyrrhotite shows an iron-deficiency which increases with
temperature and S-pressure. HXGG & SucKSDORFF (1933) have dem
onstrated that the non-stoichiometric composition involves a vacancy of
Fe-sites in the structure and causes a contraction of the lattice.
ARNOLD (1962) has determined the variation of composition of the
gamma-pyrrhotite along the FeS2-FeS curve, and he has elaborated
the relation between the compositional variation and that of the (102)
spacing. The compositional variation of gamma-pyrrhotite within the
FeS-field as a function of P<•> and T has been investigated by TouL
MIN & BARTON (1964). Pyrrhotite in equilibrium with iron is stolchio
metric FeS.
On cooling, gamma-pyrrhotite inverts at 320°C. The phase which is
stable in contact with FeS2 from the beta-transformation down to
room conditions is monoclinic and compositionally well-defined, corre
sponding to the formula Fe7S8• No more iron-deficient pyrrhotites are
known in nature, and it seems that this and the monoclinic deformation
are due to ordering of the vacant Fe-sites. On powder diagrams, the
monoclinic phase can be easily recognized by the splitting of the (102)
reflection into two symmetrical peaks, as first shown by BYSTROM
(1945) and detailed among others by ARNOLD (1966).
The range between stoichiometric FeS and Fe7S8 is occupied at
elevated temperatures by homogeneous hexagonal beta-pyrrhotite,
characterized by a superstructure with a=2A and c=5C ( CARPENTER
& DESBOROUGH 1964). With decreasing temperature, the range of this
phase narrows and, at room conditions, it is restricted to between 52.7
and 52.2 atom% S (DESBOROUGH & CARPENTER 1965). It is then
separated by a two-phase region from monoclinic Fe7S8 on the one
side, and by a two-phase region from troilite on the other. Troilite
itself inverts at the alpha-transformation (138°C). Conveniently cooled
synthetic samples and the natura! pyrrhotites whose compositions
fall within the two-phase fields show hexagonal beta-pyrrhotite either
with unmixed troilite or with unmixed monoclinic pyrrhotite.
·
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In the light of these data, we may now consider what is likely to
happen to sedimentary pyrite during metamorphism and then compare
these deductions to what really happens in nature.
Conditions of very low extemal pressure and high temperature are
realized at, or slightly below, the earth's surface at the contacts of
volcanic or subvolcanic rocks. The contact rocks or inclusions are easily
degassed and the concentration of S will therefore be low. Experiment
indicates that, with low partial S-pressure and high temperature,
pyrite will be entirely transformed into gamma-pyrrhotite. The
composition of the pyrrhotite should approach that of stoichiometric
FeS. Since the sulfur gas has escaped from the system, such pyrrhotites
should retain their composition on cooling and, upon retum to normal
conditions, they should invert to hexagonal beta-pyrrhotite with
variable amounts of exsolved troilite. Many occurrences of pyrrhotite
originating from sedimentary pyrite are known from inclusions and
contacts of lavas and subvolcanic stocks. However, little is known
about their nature, with the exception that RAMDOHR (1955, p. 457)
reports that pyrrhotites from sedimentary inclusions and contact
rocks of German basalts show exsolution of lighter, harder, and chemi
cally more resistant lamellae in a darker and softer host. This points
to the existence of hexagonal beta-pyrrhotite lamellae in a troilite
host in conformity with the expectations. More data are needed to
confirm these facts.
At greater depths, between l and 2 km as in the Oslo Region,
igneous masses of plutonic dimensions may emplace themselves in
cool and almost unmetamorphosed terraines if, during its way upwards,
the magma does not loose much heat, thus remaining in a very fluid
and active state. This is the case when stable blocks are subjected to
faulting and, to a lesser extent, during the late block-movements of
folded belts. The intrusions rise rapidly through tectonically prepared
channels, and they are hot and rather dry. Within the sedimentary
environment, a broad thermal aureole originates and it shows a large
zoning from the pyroxene homfels facies down to barely consolidated
rocks. The temperature variation is large. The gas pressure within the
aureole can be assumed to be rather uniform, because of the uniform
rock load, and rather low, since at such depths the pore-volume of
sediments is still considerable and since, besides these channels, a
multitude of open joints establish easy communication with the sur-
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Fig. 9. Diffractometer records across the (102) reflection of
monoclinic pyrrhotite from Åsgård (see p. 228)

}

------ monoclinic pyrrhotite from 'Graptolite V alley', Slemmestad.
. . . . . .

(see p.

220)

face. Huge amounts of H20 and C02 are set free in the inner aureole,
escape, and percolate the outer aureole on their way.
The conditions in the outer aureole are thus rather low gas-pressure
and low to moderate temperatures. With low P <•>' pyrite may disinte
grate below the temperature of the beta-transformation, and, since the
steady gas-flow allows no S-pressure to build up, the transformation
goes to completion, The pyrite gives rise to that FeS-modification with
which it is in equilibrium, i.e. the monoclinic phase. This has been the
case in the outer aureole of the Drammen granite: pyrite disappears
integrally within a short distance and is replaced by homogeneous
monoclinic pyrrhotite.
That the temperature was really low is proved by the fact that no
other reaction occurred in this outer zone. That rock composition
played no essential role in lowering the S-pressure is demonstrated by
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the fact that the reaction occurred simultaneously in alum shale,
marls, and limestones, as well as by the fact that the liberated sulfur
was not fixed in new solid phases, but left the system. The low S
pressure is, therefore, due to the geological setting. Several kg of H20
and C02 must have crossed every cm2 of the outer aureole when they
were driven out from the hornfelsed inner zone, and this gas stream
must have swept the sulfur away as fast as it was produced. It can
therefore be confidently assumed that, in the outer aureole of the
Drammen granite, pyrite was transformed below 320°C into mono
clinic pyrrhotite.
BASTIANSEN, MOUM & ROSENQVIST (1957), who limited their in
vestigations to the alum shale of the city of Oslo, have shown experi
mentally that pyrite powder disintegrates easier and at lower tempera
tures when it is in contact with carbon and water, or with alum shale,
than when it is pure and dry. In the former case, H2S and CS2 escaped
on heating and the powder afterwards showed reaction with HCl,
giving small quantities of H2S. They proved thus that subsidiary
reactants played a part in lowering the S-pressure and, as a conse
quence, the decomposition temperature of the pyrite. For my part, I
do not believe that the composition of the solid phases of the rocks
played such a role, but it is true that an omnipresent volatile phase,
mostly H20, has taken part to a certain extent in the transformation
of the pyrite. As described above, this volatile phase was continuously
evacuated and this enabled the transformation to procede until pyrite
was consumed.
A comparable outer aureole, in which pyrrhotite appears long before
any other contact-metamorphic mineral, surrounds the Ballachulish
granite in Scotland. It has been described by NEUMANN (1950). Here,
pyrite cubes of slates have been transformed into pyrrhotite up to
2.5 km from the contacts. It would be interesting to know more about
the nature of the pyrrhotite produced.
In the inner aureole of such intrusions, temperatures well above
320°C are reached. Any first formed monoclinic pyrrhotite should
therefore be converted by the advancing heat front into gamma
pyrrhotite and - the partial S-pressure remaining constantly low
these gamma-pyrrhotites should be rather iron-rich varieties, situated
within the FeS-field. On cooling, they should invert to hexagonal beta
pyrrhotite, either homogeneous or with troilite exsolutions, the amount
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of the latter phase increasing with the temperature reached by the
rock, i.e. towards the contact. A systematic study of pyrrhotites across
such aureoles is needed to see if these expectations are fulfilled. The
only datum at hand from the Drammen aureole does not fit into this
picture: pyrrhotite from Åsgård, at a distance of only l km from the
contact, is still monoclinic. When heated to above 320°C, it failed to
change its composition.
At greater depths, the distinction between contact-metamorphism
and regional static metamorphism vanishes. The pore-volume of sedi
mentary rocks has been strongly reduced, the rock strength is greater,
the loosely bound water has been lost at low temperatures over long
periods of time. Under such conditions, the partial sulfur-pressure may
rise upon the slightest decomposition of pyrite to values which block
the reaction. A notable transformation will probably occur only above
the beta-transformation at temperatures depending on the rate of
diffusion of the sulfur, i.e. on the geological setting. In a general way,
this temperature will increase with depth. It is therefore to be expected
that, at greater depths, pyrrhotite will no longer be formed in advance
of other, not so pressure-dependent reactions, but its appearance may
be retarded more and more relative to that of so-called index-minerals.
If the latter indicate in a rough way the regional temperature, then
the pyrrhotite may serve to define in an equally rough way the regional
pressure. The nature of the pyrrhotite itself may aid in the evaluation
of the depth of metamorphism: under sufficient P(s), pyrite and
pyrrhotite coexist in equilibrium up to high regional temperatures.
Such sulfur- pressures may be maintained (for example in massive
bodies of sedimentary sulfides) over long periods of time. Upon retum
to the surface, the rocks should show pyrite associated with beta
transformed pyrrhotite and the latter should be a mixture of mono
clinic and hexagonal phase. If the diffusion of the sulfur eventually
caused a complete decomposition of the pyrite, the gamma-,pyrrhotite
should assume a composition situated within the FeS-field and, on
cooling, it should invert either to homogeneous hexagonal beta-pyrrho
tite, or to the latter and exsolved monoclinic lamellae, this time
unaccompanied by pyrite. The whole field needs exploration and seems
worthy of more attention than it has hitherto received.
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