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ABSTRACT

Large, doleritic-gabbroic, tholeiitic sills and dykes, collectively known as Hyperites, were
intruded at c. 1 550 Ma ago in the gneiss basement of SW Sweden, which has given ages
between 1700 and 1800 Ma. A detailed study has been made of a c¢. 60 km? large area
around Olme, on the N shore of Lake Vinern, between Karlstad and Kristinehamn. In this
area the Hyperites are in the form ofsills. The intrusive magma has followed to an important
extent the pre-existing structures in the gneisses. Subsequently, the complex of gneisses and
Hyperite intrusives went through two phases of folding, at least the latter of which seems to
be of Grenvillian (Dalslandian) age (1 100-900 Ma ago). During the deformation and
concomitant recrystallization, the intrusive doleritic-gabbroic rocks were replaced in part by
amphibolites and hornblende metagabbros. The latter rocks lack the foliation shown in the
amphibolites, but have the same mineralogy. The recrystallization of the doleritic-gabbroic
rock is concentrated along the contact with the gneisses as well as along small internal faults
and joints.

74 Hyperite samples, viz. 26 gabbroic rocks, 26 hornblende metagabbros and 22 amphi-
bolites, have been analysed for major elements and 12 trace elements. A careful study was
made of the metasomatic changes which have taken place in the basic rocks as a result of the
recrystallization processes. The chemical comparisons between the original rock and its
recrystallization products were made with the aid of two different types of orthogonal
diagrams. The fixed pair diagrams plot on the abscissa and ordinate, respectively, a
compositional aspect of pairs of gabbroic and amphibolitic rocks from the same locality. The
relation of the resulting plot pattern to the 45° ordinate line brings out the metasomatic
effect. The second type of diagram is of more general applicability, as it does not require a
protolithic relation between the sample sets. It plots X/MgO (ordinate) against FeO*/MgO
(abscissa), MgO and FeO*' being inert components. Special statistical tests were used to
evaluate the plot patterns in both types of diagrams. These indicate that the recrystallization
resulted in addition of (Mn,) Na, K, H20, Rb, (Ba,) (Zn,) Pb, Th and CI to the basic rocks
and an increase in Fe203/FeO, whereas S was taken away. For Si, Ti, Al, Fe*?, Mg, Ca, P,
Cu, Sr, Y, Zr, Ni, K/Rb and Mg/Ni no changes could be detected.

It is suggested that the element migration took place through the fluid phase assisting in
the recrystallization. Presumably the elements added to the basic rocks were derived from
the surrounding gneiss complex.

Morthorst, J.R., Zeck, H. P., and Lundegardh, P. H., 1982-10-12: The Proterozoic Hyperites in
southern Viarmland, western Sweden. Sveriges geologiska undersokning, Ser. Ba, No. 30, pp. 1-104.
Uppsala.

! FeO* stands for total iron computed as FeO (= FeO + 0.9 Fe20s).
? Fe* means Fe** + Fe**.
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INTRODUCTION

The area reported on in this study (Fig. 1, inside back cover) is situated in SE
Viarmland, on the N coast of Lake Vinern, between Karlstad in the W and
Kristinehamn in the E (Fig. 2). It is located on the 1:50 000 topographical map
sheet 10 D Karlstad NO, within the quadrangle with coordinates 1390(W)/
1400(E) — 6575(S)/6590(N) on the Swedish national geographic grid (Rikets ndt).
The c. 60 km? large area was mapped at a 1:10 000 scale, on a topographical basis
provided by the Ekonomusk karta over Sverige, directly processed aerial photographs.
The map sheets, viz. 51 Maron, 5j Bonderud, 61 Olme, 6j Nore, 7i Sikterud and 7j
Skanum, were issued by Rikets allmanna kartverk in 1962. More detailed mapping
(1:5 000 and 1:2 000) has been carried out at a number of selected localities, in
order to bring out the detailed relations between the Hyperite bodies and the

surrounding gneisses as well as between the various rock types within the Hyperite
bodies.

e0Oslo

0 50 100km

1 ] ] i
Karlsm&,@gnstmehamn

oGoteborg

eHelsingborg

.E(Qbenhavn

Fig. 2. Location of the area investigated.



6 J.R. MORTHORST, H.P. ZECK, P.H. LUNDEGARDH

The general degree of bedrock exposure in the area is not high. Relief is very
low, relief energies are 40 m at a maximum. The landscape is dominated by large
plains in which a few hundred metres to several kilometres long, rounded hills
stand out. The plains are filled with Quaternary, mainly fluvioglacial, sand and
clay, and are cultivated (usually wheat, barley and oats) or covered by large
swamps. The underlying bedrock probably consists mainly of gneisses. The
rounded hills are forested. The bedrock is much better exposed here and consists
mainly of Hyperite. Such a geomorphology, with the gneisses predominantly
underlying the plains and the Hyperites forming the shallow, rounded hills may be
of glacial origin, reflecting the more erosion resistant character of the Hyperites
compared to the gneisses.

The field work was done by one of us (J.R. Morthorst) as part of an M.Sc.
degree study at the University of Copenhagen. The University financed his stay in
the field for a period of three months, and made it possible for H.P. Zeck to visit
the area several times. The mapping was started in 1975 and the last checks were
made in 1977. All laboratory work was done in Copenhagen, at the Institute of
Petrology, Copenhagen University, and the Geological Survey of Greenland. The
present paper is based on a more comprehensive report which was accepted as
partial fulfillment for the M.Sc. degree in Geology with Petrology and Geochemi-
stry, at the University of Copenhagen in February 1980.

The authors wish to express their gratitude to the following persons and
institutions: Dr. J.C. Bailey, for valuable comments on the manuscript, Gitte
Sjerring and Lilian Andresen for typing the manuscript in its various versions and
for meticulously preparing the comprehensive tables, Guta Lis for preparing the
illustrations, the students in the Dalsland Group at the Institute of Petrology,
especially P. Rubak Andersen, B. Wallin, M. Sparre Andersen and C. Biilow, for
pleasant cooperation, the University of Copenhagen and the Geological Survey of
Sweden for financial and other support and the Danish Research Council (Statens
Naturvidenskabelige Forskningsrad) for financing research work of H.P. Zeck in
SW Sweden (J.nr. 511-7331, -8323, -881, -15495 and -15779) and supporting the
XRF equipment at the Institute of Petrology (J.nr. 511-2825).

GEOLOGICAL SETTING AND PREVIOUS INVESTIGATIONS

The area between Karlstad and Kristinehamn consists of gneisses with large,
elongated exposures of doleritic-gabbroic intrusives, the Hyperites. The rock com-
plex is part of the Pregothian rock unit as defined on the Geological Map of
Sweden (Magnusson et al., 1958; Magnusson, 1960). At Kristinehamn the gneiss/
Hyperite complex borders on the Filipstad—Hagfors granites which belong to the
large, 1 600—1 700 Ma old, Sméland—Virmland suite of granitic rocks and
porphyries. W of Karlstad the gneiss/Hyperite complex borders on the Mylonite
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Zone, a major tectonic boundary, separating two mega-units of different lithologi-
cal character (Magnusson, 1937; Lindh, 1974). More recent investigations (Gor-
batschev, 1971, 1975, 1980; Zeck and Malling, 1974; Lundegardh, 1980; Lunde-
gardh et al., 1982) have demonstrated several inconsistencies in the regional
stratigraphy of Magnusson et al. (1958) and Magnusson (1960), and changes have
been suggested (Fig. 3). A formal, improved classification has not come forward
yet, although sketches are available (Gorbatschev, 1975, 1980; Zeck and Wallin,
1980). An outline of a comprehensive scheme for the petrogenetical and tectonical
development of Central and SE Virmland has recently been given by Lundegardh
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Mylonite, mylonite-gneiss and tectonic schists (“The Great Mylonite Zone")
Sveconorwegmn ("Late Gothian" and Dalslandian) granites

- Hyperite and, in the Varmland granitoids, dolerite

Varmland granitoids (granite, quartz-syenite, granodiorite, quartz-monzodiorite)

Gabbro, diorite, monzodiorite

[:] Gneissic granites, gneisses, schists, metavolcanics ("Pregothian” and "Gothian”)

Fig. 3. Simplified bedrock map of the S part of Virmland County, compiled by P.H. Lundegirdh
(after Lundegardh, et al., 1982).
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(1980), inter alia based on regional, structural evaluations and age determinations
by Welin and Kahr (1980).

Geological investigations addressing the area between Karlstad and Kristine-
hamn begun in the middle of the 19th century when the Swedish Geological
Survey started its work. A. Erdmann and J.H. af Forselles were among the first to
study the area, and they introduced the term ’Hyperite” for the voluminous
intrusives of black doleritic gabbro in the Virmland gneiss basement (Torne-
bohm, 1877). The term was introduced as a general petrographic term for a
granular rock composed mainly of labradorite and hypersthene (Erdmann, 1855).
However, after more precise optical determination methods for hypersthene had
become available, it was demonstrated that in many of these rocks hypersthene
was lacking. In spite of this, Térnebohm (1877) suggested to continue the use of
the agreeably short term Hyperite for the rock suite as a whole, mainly because the
rock suite, though variable petrographically, clearly forms a geological unit. His
suggestion has found general acceptance. Such a use of the term Hyperite implies
that the term gets a lithostratigraphic character, defining as it does a rock unit by
its lithological characteristics and its relation to the surrounding rock unit(s)
(American Commission on Stratigraphic Nomenclature, 1970; compare also
Hjelmgqvist, 1950, and Gjelsvik, 1952). In keeping with the Code of Stratigraphic
Nomenclature (American Commission on Stratigraphic Nomenclature, 1970) a
more formal stratigraphic denomination such as ’Varmland Hyperite Formation™
could be introduced'. In present-day texts Hyperite should thus not be used as a
general petrographic term roughly synonymous to gabbro-norite? (as is proposed
for example by Teall, 1899; Holmes, 1920; and Gary, MacAfee and Wolff, 1972).

Toérnebohm’s (1877) descriptions and petrogenetic interpretations concerning
the Viarmland Hyperites are admirably detailed. Térnebohm, who studied under
F. Zirkel in Leipzig, was the first professional petrologist in Sweden. The correct
interpretation of the corona structures at the olivine/plagioclase interface in the
doleritic-grabbroic Hyperites as inherent metamorphic products is remarkable for
that time, but passed by largely unnoticed; later, though, it was paid the distinct
tribute of being called a result of ’a Norwegian school” by Griffin and Heier
(1973). Toérnebohm is an out-standing figure among students of Scandinavian
geology. His contributions are manifold and cover a wide range of geological
disciplines. He was foremost in recognizing large scale nappe structures in the
Scandinavian Caledonides. His keen petrologic interest is illustrated by the habit
of making his own thin sections — for example 500 for the 1877 paper — often
before breakfast, as noted by Hamberg (1929) in his orbituary of Térnebohm.

Tornebohm distinguished two main rock types in the Hyperite bodies, viz.
hyperite and hyperite-diorite. The first represents the gabbroic intrusive facies forming

' Note that this formation includes the Hyperites in Hedmark Fylke, E Norway, and the E part of
Vistergotland.
* Igneous rock classification and nomenclature in this paper is according to Streckeisen (1967, 1976).
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the bulk of the formation. The second type represents the recrystallized equivalent
in which the massive structure of the gabbroic parent rock has been preserved.
The rock is composed mainly of oligoclase, quartz, hornblende and garnet. It
corresponds to what we have called hornblende metagabbro (see pp. 15—25).
To6rnebohm (1877, p. 40) mentioned a third rock type which he called dioritskiffer.
This rock was discribed as being of local character, developed in the strongly
elongated Hyperite body Astebyhdjden—Rattsjoberg—Kristinefors at the very
contact with the gneisses. This dioritskiffer, which was not described further,
represents what we have called amphibolite. The rock is much more wide-spread
than suggested by T6rnebohm.

The first detailed map over the investigated area is the map sheet “Vise”,
Sveriges geologiska undersikning (SGU), Ser. Aa, No. 151, scale 1:50 000, by Hégbom
(1922). The gneiss complex was recognized as part of the Virmlandic gneiss area
wich again is part of the jamgneisregion or jarngnejskomplex (Iron gneiss area) of
W Sweden. The gneisses were divided into three groups:

a — red gneisses, rather fine-grained rocks consisting mainly of quartz, potassic
feldspar and plagioclase with only small amounts of mafic minerals,

b — intermediate gneisses, more coarse-grained than the red gneisses and with less
quartz, more calcic plagioclase and a higher content in mafic minerals,

c — grey gneisses, with a still larger content in mafic minerals, and little if any
potassic feldspar.

Not unlike T6érnebohm (1877), Hogbom (1922) divided the Hyperites into three
rock types, hyperite, hyperite-diorite and hyperite-amphibolite, corresponding to what we
in the present paper have called, respectively, gabbroic rock, hornblende metagab-
bro and amphibolite. Hégbom reported that the fresh Hyperite was found only
rarely, it being replaced by hornblende metagabbro and amphibolite. This is at
variance with the results of our investigations which have shown that the magma-
tic, gabbroic rock is predominant in the Hyperite bodies. The Hyperites were
claimed to be intrusive into the granites E of Kristinehamn. Later work by one of
us (P.H. Lundegérdh, in Lundegardh et al., 1982) has revealed, however, that the
basic intrusives — the Filipstad-Ullerud dolerites — upon which this conclusion
was based, constitute a separate entity, much younger than the Hyperites.

A rather remarkable petrogenetic model for the area was put forward by
Johansson (1927). This author claimed that both gneisses and Hyperites in the
Virmland basement had been formed by in situ differentiation of one and the same
parental magma. The present large scale structure in the basement complex,
including the Hyperite/gneiss distribution, would have been formed during this
event. Obviously, this hypothesis is at variance with some of the more fundamen-
tal and self-evident elements of the geology of the area. This was clearly pointed
out by Magnusson (1928).
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In 1929 and 1933, Magnusson published two bedrock map sheets, Nyed and
Karlstad (scale 1:50 000), with descriptions. The subdivision of the gneisses into
red, intermediate and grey types employed by Hogbom (1922) was taken over,
and also Hégbom'’s subdivision of the Hyperites was followed. In a review of the
Swedish Precambrian, Magnusson (1960) presented a further subdivision of the
gneisses. Five types of gneisses were recognized: red salic, red semi-salic, interme-
diate, grey salic and grey basic gneisses. Supracrustal rocks were observed and
grouped together in the Hammaro series (Magnusson, 1933). The Hyperites were
subdivided as before. It is worth noting that Magnusson (1960) claimed that the
Hyperites are younger than the surrounding rock material, but older than the
regional gneissification, which was suggested also to have caused the recrystalliza-
tion of the intrusive Hyperite facies to hornblende metagabbro and amphibolite.

A rather detailed description of the Hyperites, the surrounding gneisses and
their contact relations was given by Wiman (1961) who mapped the Kristinehamn
area on a scale of 1:100 000. This author recognized two types of gneisses, Vise
gneiss and Olme gneiss. The Viise gneiss, an aplitic, reddish gneiss was thought to
be of sedimentary origin, being derived from an arkosic sediment.

Gorbatschev (1971), in his review of the geology of SW Sweden, noted that the
Hyperites do not show much of the general granulation seen in the other ’Pregoth-
ian”’ rocks, and also lack the strong foliation and extreme elongations shown by
inclusions in the ”Pregothian” metaplutonics. It was concluded that the Hyperites
of central Virmland had generally escaped tectonization. Lundegardh (1980),
who has investigated the region in detail, reports that the Hyperite intrusives have
been cross-folded and show boudinage structures.

Lundegardh (1977) recognized three phases of deformation in the region. The
oldest phase characterized by NNW-trending fold axes affected the Hammaro,
Ostmark, Hélsjo and Grismark supracrustals as well as the older granitic to
granodioritic rocks (1 780 Ma, Welin and Kahr, 1980; cf. the 1 735 Ma age given
by Welin and Gorbatschev, 1976, for ’Pregothian” granitic rocks more to the S).
The latter are intrusive into the supracrustals but predate the Hyperite intrusions
(1 550 Ma; Priem et al., 1968; Mulder, 1971; Welin et al., 1980). The second phase
of deformation is characterized by E—W trending axes, and is especially well
developed on Hammard, S of Karlstad. It postdates the emplacement of the
Hyperites. The third phase is characterized by N(NW) trending axes and NNW
striking thrust zones. In 1980, Lundegardh presented additional evidence which
confirms the model with three phases of deformation, but which claims that the
second phase of deformation produced N(NW) trending axes (rather than E—W)
and the third phase E—W axes (rather than N—S). It was further suggested that
the Griasmark Formation of metavolcanics was deposited at 1 100—1 200 Ma ago
(Dalslandian) rather than between 1 600 and 1 700 Ma ago.

Hageskov (1980) reported results of investigations in @stfold, SW Norway, an
area located 100—200 km more to the W. This author suggested three phases of
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deformation in the area. The first with N—S axes (E—W compression), the
second with E—W axes (probably N—S compression) and the third with N—S
axes (E—W compression). This tectonic scheme is in agreement with the original
one of Lundegardh (1977). The last tectonic event was dated at 1015 Ma by
means of Rb/Sr whole rock determinations (Hageskov and Pedersen, 1981), which
conforms well to the 1 030 = 40 Ma of Ski6ld (1976) for the metamorphism and
deformation along N—S trending axes of the Dalslandian Group.

Lindh (in Lundegardh et al., 1982) has found E—W dislocations which offset
the Great Mylonite Zone W of Karlstad (Fig. 3; compare also Lindh and Malm-
strom, 1980). These faults coincide with dislocations of the Hyperites along the
cross fold limbs described by Lundegardh (1980 a, ibid. 1982) from the Hammaro
Formation.

K-Ar determinations from the dislocated part of the Great Mylonite Zone have
given ages between 878 and 968 Ma (Lindh and Kihr, 1977). The E—W disloca-
tions of the Great Mylonite Zone and the E—W deformation of the Hammar6
Formation have thus been interpreted as the final tectonic phase of the Sveconor-
wegian, or Dalslandian, in southern central Virmland (Lundegérdh et al., 1982).
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LITHOSTRATIGRAPHY OF THE KARLSTAD-KRISTINEHAMN AREA

The lithostratigraphical classification of the area comprises two main divisions:
the gneisses and the intrusive gabbroic rocks and its metamorphic derivatives, the
Hypertes.

GNEISSES

Several kinds of gneisses are present in the area. The various types may occur
together within small areas. A precise, regional mapping of the variation within
the gneisses is made difficult, if not impossible, by the low degree of exposure.
Besides, such a detailed investigation of the gneisses is outside the scope of the
present work, which is aimed at the Hyperites. Therefore, on the geological map
(Fig. 1, inside back cover), the gneisses are not differentiated. A short description
of some types of gneisses is given here.

Granitic to quartz-monzonitic biotite gneisses are wide-spread in the area and corres-
pond roughly to the “jarngnejs” of previous publications. The rocks comprise red to
grey, fine- to medium-grained types and correspond to part of the gneissic granites,
or gneiss-granites, described by Lundegardh (1980 a). Two varieties occur, the
first characterized by up to 1 cm long and 1—2 mm wide biotite aggregates which
indicate the foliation of the rock, and a second type, more compact with less
well-developed foliation and a lower biotite content. Both types are closely interre-
lated. In some areas, the biotite-rich variety dominates, the biotite-poor one
forming layers in it. At other localities the relation is reversed. The biotite-rich
variety consists in the main of an intergrowth of 0.5—5 mm large, anhedral
crystals of plagioclase (~40%), microcline (~30%) and quartz (~15%); biotite
and lesser amounts of hornblende crystals, @ = 0.2—3 mm, are mainly assembled
in small aggregates parallel to the foliation. Magnetite (1%) is in up to 2 mm
large, often euhedral crystals, usually isolated, in some cases associated with
hornblende and biotite, as are the accessories zircon, apatite, titanite and orthite
(metamict). Retrogressive influence is seen in the alteration of hornblende to
fine-grained biotite (?), and more rarely by the formation of some chlorite at the
expense of biotite as well as some sericite at the expense of plagioclase. The
biotite-poor variety is similar to the biotite-rich one; it differs in that mafic
minerals and accessories are present in smaller amounts, and that biotite and
hornblende occur mostly in isolated crystals dispersed throughout the rock.
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Fig. 4. Normative gneiss compositions (CIPW, see Table 1) plotted in a Niggli diagram. Normative
Ab is distributed over A (alkali feldspar) and P (plagioclase) under the presumption that the
magmatic plagioclase has a composition of Anas, a value that comes close to modal values. Field
boundaries after Streckeisen (1967, 1976). The rocks plot mainly in the fields for alkali granite
and granite. A few scatter in the fields of granodiorite, quartz-monzodiorite, quartz-monzonite
and quartz-syenite. The data points do not define clearly separated populations, and thus do
not give specific support to the notion that the gneiss basement is made up of several
generations of granitic rocks.

Fine-grained biotite gneisses are rare in the area studied. These rocks are restricted to
1—2 m wide zones along the E—W running Hyperite contacts. The rock is grey,
fine-grained and rather homogeneous. The foliation shows a variable character. In
some rocks the biotite crystals occur in small aggregates and there the foliation is
well developed. Quartz-rich schlieren up to 10 cm in length locally accentuate the
foliation. The rocks consist mainly of plagioclase, quartz and microcline, usually
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Ares

HYPERITE
Amphibolite Gneisses 0:1=1km
Ve

Hornblende metagabbro
D Gabbroic rock

Fig. 5. Schematical profile illustrating the relation between a Hyperite body and its various rock types,
and the surrounding gneisses. Legend valid also for Figs. 7-14, where the gneisses are given
without structural indications.

showing granoblastic polygonal textures. Some isolated garnet and muscovite
crystals may be present. Accessories are titanite, zircon, apatite and magnetite.
Minor retrogressive influence is responsible for the formation of some sericite in
plagioclase and some chlorite in biotite.

The contact between the gneisses and the Hyperite bodies is always sharp. The
foliation in the gneisses is generally concordant to that in the amphibolites in the
marginal parts of the Hyperite bodies. At a few E—W running contacts
(Vastkarr—Trafors, Mickelsrud, vicaridge of Sjostad and Braten) Hyperite mate-
rial is intimately interfolded with the gneisses. The resulting rock consists of an
alternation of 1—10 cm thick layers of amphibolite and gneiss. The amphibolite
layers consist mainly of hornblende (~50%), plagioclase (~30%), quartz
(~10%) and microline (~5%). The hornblende crystals are up to 3 mm in size
and have often assembled to schlieric aggregates, the felsic minerals in inter-
growths of anhedral crystals filling out the space between them. Accessories are
apatite, titanite and magnetite. Retrogressive influence is indicated by strong
saussuritization of plagioclase and probably also by the occurrence of larger
discrete crystals of epidote. The gneiss layers consist mainly of plagioclase
(~75%), quartz (~5%) and microcline (~5%). Hornblende and biotite are
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present in roughly equal amounts, together 10—15% of the rock. Many of the
larger felsic grains are supplied with an inconstant rim of small newly formed
crystals. These crystals have probably been developed by a combination of defor-
mation-induced recrystallization, and recrystallization of products of cataclasis.
Biotite crystals are clearly deformed, “kinked”. Epidote is a rather common
mineral, forming independent crystals and saussurite replacing plagioclase. Acces-
sories are apatite, titanite and zircon.

Chemical analyses of 33 gneiss samples have been made. The results are given
in Table 1. The normative compositions (CIPW) are plotted in a Niggli diagram
(Fig. 4). This illustrates that gneiss compositions range mainly from alkali granite
to granite, with a few samples extending as far as quartz-syenite, quartz-
monzonite, quartz-monzodiorite and granodiorite. The diagram does not give any
indication for the existence of several generations of granitic rocks in the gneiss
basement. However, the diagram should be interpreted with some care because it
is meant for modal compositions, and because no effort was made to obtain a
representative sample collection of the gneisses.

HYPERITES

Three main rock types can be distinguished within the Hyperite bodies (see Fig.
5). These will be descibed below.

1, gabbroiwc rocks, showing dark grey to black colours, with a brownish-violet tinge;
grain sizes are from 0.2 to 4 cm. The rocks have a homogeneous appearance, a
massive structure, without any foliation. They represent the original intrusive
facies of the formation. In most Hyperite bodies in the present exposure surface, it
is the dominating rock type (see Figs. 1 and 7—14). Locally the gabbroic Hyperite
has been intruded by granitic and pegmatitic dykes and more irregular bodies up
to several metres in thickness (Fig. 16). This intrusive material has not been
foliated and is interpreted to represent a quartzo-feldspathic melt produced by
melting of the country rock gneisses under the influence of the intrusive Hyperite
magmatic mass (cf. Malmstrom, 1981).

2, hornblende metagabbros, which have a less homogeneous appearance than the
gabbroic rocks. These rocks have the same massive structure, but the plagioclase
crystals are white-grey and the material filling out the space between the plagio-
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Fig. 6. Location of some well exposed Hyperite bodies which have been mapped in some detail (by
J.R. Morthorst; see Figs. 7—14). |




THE PROTEROZOIC HYPERITES IN VARMLAND 17

Fig. 7.

Haghéjden Hyperite body, approx. grid coordinates 1390/6588 (Figs. 6 and 1, legend in Fig.
5). A small body, c. 300 to 500 m in diameter, consisting mainly of gabbroic rock. The W
contact shows well developed amphibolites and locally, towards the gneisses, a few metres of
amphibolite. Haghojden hill itself is situated a few hundred metres E of the Hyperite body, and
is one of the few hills in the area that consists of gneiss and not of Hyperite.
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clase skeleton is predominantly dark green to black, consisting mainly of amphi-
bole and biotite. Usually some red garnet crystals are also present. This rock type
has been developed by recrystallization of the gabbroic intrusive rock. In some
Hyperite exposures it is the major rock type; however, in most Hyperite bodies it is
a minor component (Figs. 1 and 7—14).

3, amphibolites, foliated rocks consisting mainly of a fine-scale alternation of lenses
and schlieren rich in white plagioclase and black-green hornblende, respectively.
Garnet and biotite are of regular occurrence. This rock type is less wide-spread
than the hornblende metagabbro, usually occurring in close association with it.
Zones of hornblende metagabbro are often found between the gabbroic rock and
the amphibolites. Locally, in some Hyperite occurrences, at the amphibolite/
gneiss contact, biotite amphibolites occur which have biotite as a major mineral. The
rocks form bands to lenses ranging in width from a few decimetres to one metre.
Locally the biotite content is very high and the rocks grade into biotite schists.

The transition between the different rock types within the Hyperite bodies is
rather abrupt, taking place over a few decimetres, so that mapping out these rock
types does not present technical problems. Mineral compositions and petrographi-
cal descriptions of the Hyperite rocks will be given on pp. 36—45. The geochemi-
stry, in particular a chemical comparison between the three main rock types in the
Hyperites, will be given on pp. 46—82.

Fig. 8. Trifors Hyperite body, approx. grid coordinates 1394/6589 (Figs. 6 and 1, legend in Fig. 5),
Length 3—4 km. Only the W part is represented in this figure. In the Olme area it is the best
example of an ENE oriented body, contrasting with the majority of the Hyperites which trend
NNW. It is well exposed. The contact with the gneisses is seen over large distances along the S
contact. At the central and E part of the contact the gneisses are layered and show isoclinal
folding with axial planes parallel to the Hyperite contact, which shows high dips, 70—90°.
Within the Hyperite body gabbroic rocks dominate by far. Hornblende metagabbro has been
developed rather sparsely, mainly SE of Trifors along joint systems and W of Triifors at the N
contact. Amphibolite is abundant at the westernmost part of the exposure, and common at the
S contact, S of Trifors. Along the S contact a several metres wide zone of anorthositic,
plagioclase-rich cumulate rock has been found. It is dominated by 0.5—5 cm large plagioclase
crystals. At the W part of the exposure this rock has been recrystallized and foliated, but the
anorthositic parentage is always apparent.
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Fig. 9. Brattash6jden Hyperite body, approx. grid coordinates 1393/6587 (Figs. 6 and 1, legend in Fig.
5), a rather small body, 300—600 m in diameter. Its W boundary is very well exposed, and is
an example of a direct contact between the gabbroic rock and the gneisses. The gabbroic rock is
fine-grained at the contact and increases in grain size inwards. It is suggested that this contact
represents a nearly unaltered intrusion contact of the Hyperite. At the N contact the gneisses
contain isoclinally interfolded Hyperite material.
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Fig. 10. Sjéstad Hyperite body, approx. grid coordinates 1394/6587 (Figs. 6 and 1, legend in Fig. 5),
comparatively large and well exposed, length about 2.5 km, width 1 km. The contact with the
gneisses can be studied in the S and W part of the body. Locally at the W boundary,
fine-grained gabbroic rock is found immediately at the contact, probably representing the
undisturbed margin of the intrusion. The gneisses at the S contact are interlayered with
Hyperite material. These rocks show multiple fold patterns (Fig. 15 a).
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Fig. 12. The central part of the Olme Hyperite body, viz. the part E and NE of Olme railway station.
A small sinistral strikeslip fault is seen a few hundred metres E of Olme railway station.
Legend in Fig. 5.

Fig. 11. N part of the Olme Hyperite body. This is the largest body in the area; being semi-
continuously exposed in a zone c. 8 km long and 0.5-1 km wide. The part shown in the figure
has approximate grid coordinates 1396/6588 and is located near Hogeberg (Figs. 6 and 1,
legend in Fig. 5). The S and W boundaries are well defined with well exposed contacts
towards the gneisses. The amphibolites at the E — W striking contact W of Hogeberg show
infolded gneissic material with multiple fold patterns (Fig. 15 b). The westernmost part of the
body forms a hill — Tyskberget — separated from the rest of the body by a depression without
exposures. The contact relations at the S part suggest that a small sinistral strike-slip fault
might occur in the depression.



24 J.R. MORTHORST, H.P. ZECK, P.H. LUNDEGARDH

198

|82

OLMEVIKEN

0 100 200

Fig. 13. The S part of the Olme Hyperite body, around the farm Nore, approx. grid coordinates
1398/6582 (Figs. 6 and 1, legend in Fig. 5). The Hyperite exposure here consists predominant-
ly of hornblende metagabbro. The magmatic gabbroic rock is only present as isolated relics.
Amphibolites occur in rather thin zones along the gneiss contact. The exposure pattern might
have been caused by multiple folding. The lack of exposures and relief, as well as the local
character of the folding at the Hyperite/gneiss contact, preclude a reconstruction of the
structure.
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Fig. 14. Hosen Hyperite body, approx. grid coordinates 1393/6577 (Figs. 6 and 1, legend in Fig. 5). A
small body, well exposed and showing contact relations with the surrounding quartzo-feld-
spathic rocks which are not seen in other Hyperite bodies in the area. Especially at the W part
of the body on the Vinern shore, several metres wide dykes of granitic and pegmatitic
material occur in the Hyperite (see Fig. 16). The pegmatitic material makes up the thinner
dykes and veins and has a direct genetical relation to the granitic rock. The granite and
pegmatite dykes are interpreted as back-veining phenomena: small intrusions of granitic
magma produced by melting of the country rock under the influence of the intrusive mass of
basic magma (contact anatexis).
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FIELD RELATIONS AND TECTONICS

The regional structure of the basement complex on the N coast of lake Vinern is
relatively well known. On the islands and peninsulas between Kattfjorden (imme-
diately SW of Karlstad) and Kristinehamn, E—W trending structures predomina-
te, especially in the Hammaré Formation (Hogbom, 1922; Magnusson, 1933;
Lundegardh, 1977, 1980). The regional foliation pattern strikes E—W with low
dips. Fold axes trend E—W to ENE—WSW with generally very low plunge
values. More to the N these E—W orientations are superseded by N—S (NNW—
'SSE) directions which dominate the regional structure of the Virmland basement
further N.

In the area studied here approximately N—S striking foliations, generally
dipping 20—50°, mostly E, locally W, are by far the most common. E—W striking
foliations are also met with, and usually occur in connection with E—W striking
contacts between Hyperite and gneiss. (See the geological map, Fig. 1.) Note for
example the structures at Trifors, Briaten and Nore (cf. Figs. 8, 9 and 13). As
mentioned before, the foliations in the gneisses follow the Hyperite/gneiss con-
tacts. Likewise, the foliations in the amphibolites within the Hyperite bodies at the
gneiss contact follow the contact, and are thus generally concordant with the
foliations in the adjacent gneisses. To bring out more clearly the relations between
the gneisses and the Hyperite bodies, and the relations between the various rock
types within these bodies, eight relatively well exposed Hyperite bodies were
mapped in detail; see Figs. 6—14. More details on the field relations are given in
the captions of these figures.

In the present exposure surface, the Hyperite bodies form elongated masses
predominantly NNW trending and usually 0.2—1 km wide and up to 8 km in
length. As a rule the gneiss foliation at the Hyperite contact dips under the
Hyperite body with rather steep angles, usually 60—70°, much steeper than the
gneisses are dipping outside the reach of the Hyperites. Such a foliation attitude
suggests that the Hyperite bodies consistently fill out the cores of rather tight
synform structures in the gneisses. However, it is doubtful whether the foliation
measurements in the gneisses so close to the Hyperite bodies can be generalized
and used for regional structural reconstructions. It seems possible that close to the
relatively competent Hyperite bodies differential movements between Hyperite
and gneiss have caused folding of greater intensity and different style, not repre-
sentative of the regional picture. Thus, in spite of the local foliation measurements
(Figs. 10 and 11) the exposure pattern of the large Hyperite body stretching from
Nore through Olme and Hégeberg to Sikterud (see Fig. 1) may be interpreted as a
large synform or antiform, in which the gneisses exposed in the centre of the
structure and those around it represent opposite sides of the intrusive body.

Fig. 17 presents a large number of foliation and fold axis measurements in the




THE PROTEROZOIC HYPERITES IN VARMLAND 27

Fig. 15a, b. Multiple fold patterns observed in interlayered gneisses and amphibolites at the Hyperite/
gneiss contact, a (above) — from the S contact of the Sjostad body (see Fig. 10), b (below)
— from the Olme body close to Higeberg (see Fig. 11).
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gneisses, arranged in 40 sterographic plots, each representing a number of
measurements taken within a selected area. In our interpretation the measure-
ments indicate that two phases of folding have taken place after the formation of
the foliation in the gneisses, one on approximately E—W trending axes and one on
approximately N—S trending axes.

Close to the Hyperite contacts, especially at places where thin layers of Hyperite
material are interlayered with the gneisses, e.g. at Hosen and Sjostad, multiple fold
patterns at a scale of a few centimetres to a few metres may be observed, see Fig.

15. These interference patterns suggest that structures with E—W axes were
refolded on N—S axes.

In conclusion: measurements of foliation plane and fold axis attitude in a
number of selected areas, as well as the regional exposure pattern of the Hyperite
bodies (Fig. 1) and directly observed multiple fold patterns suggest that two
phases of folding have been active after the formation of the foliation in the
gneisses and the emplacement of the Hyperite bodies, viz. one with E—W trend-
ing axes, during the field work interpreted as older, and one with N—S trending
axes, suggested to be younger.

The general concordance of the Hyperite/gneiss contacts with foliation planes
both in the gneisses and in the amphibolites within the Hyperites might indicate
that the Hyperite magma intruded the quartzo-feldspathic material at a time
when it had not acquired its present foliation. Subsequently, Hyperite and
quartzo-feldspathic country rock would have undergone a phase of deformation
and recrystallization producing the present foliation planes. However, several
observations argue against such a model. The most important is that the foliation
and layering in the gneisses are very well developed, producing a truly pervasive
structure. The foliation seen in the Hyperite bodies has a different character. It is
only locally developed at the contacts with the gneisses and, very rarely, along
small shear zones within the bodies. Such a striking and consistent difference
indicates that the foliation in the gneisses and the amphibolites, respectively, were
not formed simultaneously. The difference is so large that it can hardly be
explained by the lithological difference between the two rock types, inducing them
to act differently under the same deformation-recrystallization phase. Another
observation in disagreement with the model is the slight discordance which locally
can be seen between the layering/foliation in the gneisses and the Hyperite contact
(cf. Magnusson, 1929). It thus seems that the general concordance of the
Hyperite/gneiss contact with the foliation in gneiss and amphibolite has to be
explained in another way.

For the area investigated we prefer a model according to which the Hyperite
magma was intruded at a time when the country rock had already acquired
(practically all of) its present foliation. The foliation in the gneisses may have been
roughly horizontal, and the intruding basic magma is thought to have been intrud-
ed (mainly) to form large sills following, generally, the regional structure of the
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Fig. 16 a, b. Granitic and pegmatitic material intrusive into the Hyperite body of Hésen. a (above) —
A c. three metres wide, E — W striking dyke consisting of granitic material with
irregularly distributed pegmatite. b (below) — A c. 75 cm wide, E — W striking dyke of
unzoned granitic pegmatite.
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rock complex. Very locally the structures in the gneisses were cut, which explains
the rarely observed discordance between Hyperite contact and gneiss foliation.

Subsequently the rock complex — gneisses and Hyperite bodies — underwent a
phase of deformation (E—W axes?) and recrystallization which caused the forma-
tion of the amphibolites primarily at the gneiss contact and in small shear zones
within the Hyperite bodies, places where differential movements were concentrat-
ed. During a final phase of deformation (N—S axes?) the complex was folded once
more and additional recrystallization may have taken place.

As indicated in the text above, our work in the Olme area seems to suggest that
the phase of folding producing E—W axes predates the phase producing N—S
axes, such in agreement with suggestions of Lundegardh (1977). Observations by
Lundegardh (1980), Lindh and Malmstrom (1980), and Lundegardh et al. (1982)
have proved a reverse relation, visible, inter alia, in the Hyperites cutting the
Hammar6é Formation where the phase with N—S axes predates the phase with
E—W axes. Our work in the Olme area has been primarily directed at evaluating
the metasomatic effect of the recrystallization processes within the Hyperites. A
precise structural analysis of the area has not been the aim of our study. We
therefore suggest that a more definite evaluation of the relative timing of the two
phases of deformation awaits more detailed structural work in the area. Perhaps
more than one folding around axes trending E—W has occurred in the bedrock of
S Viarmland.

No radiometric dating was attempted on the rocks in the area. Comparison with
dating results from neighbouring areas may provide some age indications. The
youngest deformation might represent the late Dalslandian phase which further W
is dated at 1 030+40 Ma B.P. (Skjold, 1976) and 1 015 Ma B.P. (Hageskov and
Pedersen, 1981). The older phase might correspond to a N—S compressive phase
proposed in @stfold and preliminarily dated as younger than 1 325 m.y. (Hage-
skov, 1980), and the older Dalslandian phases found in S Norway, dated at
1 170£50 Ma B.P. (O’Nions and Baadsgaard, 1971). The intrusion of the Hype-
rite magma was suggested to have taken place at ca. 1 550 Ma B.P. (Priem et al.,
1968; Mulder, 1971; Welin et al., 1980). The dating of the formation of the foliation
in the gneisses is more problematic. Gorbatschev (1980) claimed that the volumi-
nous intrusions of the magmas of the Sméaland-Viarmland granites and porphyries
at 1600—1 700 Ma B.P. (see e.g. Welin et al., 1977; Lundegardh, 1980) went
together with a period of intense metamorphism. However, the precise relation
between the extensive magmatism and the metamorphism is far from clear, and
observations to support the claim were not given. It seems more probable that the
foliation in the gneisses was formed earlier, 1 700—2 000 Ma B.P., possibly during
the Svecokarelian orogeny. (Compare Lundegardh,1980 a.)

Because of the glacial erosion, many joints and small faults in the area find their
expression in the field as 1—20 m wide gullies and small escarpments. These joints
and small faults are of common occurrence, though virtually restricted to the
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Fig. 17. Foliation and fold axis measurements in the gneisses from 40 selected areas presented in
stereographic plots (lower hemisphere). Foliation plane poles are given as black dots. Con-
structed fold axes are indicated by small open circles with dip indications. Directly measured
fold axes are indicated by larger black dots with dip indications. The 40 selected areas are
given on p. 34.
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Fig. 17, continued.
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Fig. 17, continued.
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. Brattash6jden, N part, synform. 34.
. Brattashgjden, S part, synform. 5
. Small exposure W of Brattashéjden, synform. 36.

Small exposure W of Brattashéjden, two axes. 37.
. Trafors, NE part, gneiss, antiform. 38.
. Trifors, N part, gneiss, antiform. 39
. Trafors, W part, Hyperite, synform. 40.

. Hill W of Haghéjden, synform.

. Haghdjden, gneiss, synform.

. Haghgjden, along road E 18, measured fold axes.
. Hogeberg, fold axes of small folds.

. Tyskberget, NW part, synform.

. Tyskberget, NW part, antiform in gneiss.

. Tyskberget, NW part, synform.

. Nore, N part, synform.

. Nore, central part, synform.

. Nore, S part, synform.

. Tanashojden, N part, synform.

. Tandshgjden, S part, small fold in garnet amphibolite.
. Tanashojden, S part, small fold in garnet amphibolite and gneiss.
. Tanéshojden, synform.

. Sjostad, N part, synform.

. Sjostad, N part, antiform in gneiss.

. Sjostad, S part, folds in amphibolite.

. Sjostad, S part, fold axes at the contact.

. Hosenudden, isoclinal fold in amphibolite.

. Hosenudden, isoclinal fold in amphibolite.

. Hosenudden, pegmatite.

. Hosenudden, pegmatite.

. Hosenudden, pegmatite.

. Briten, N part, gneiss, antiform.

. Braten, N part, synform.

. Braten, central part, gneiss, antiform.

Braten, central part, synform.
Braten, NE part, gneiss dome.
Braten, E part, gneiss, antiform.
Kummel6n, S part, synform.
Kummel6n, SSE part, synform.
Kummel6n, E part, synform.
Finnén, gneiss, antiform.

Fig. 17, continued.
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Fig. 18. Rose diagram of strike measurements on (sub-)vertical joint planes within the Hyperite bodies
(Table 2); 117 measurements at 20° intervals. The maximum (N 0 — 20°W) represents 39
measurements.

Hyperite bodies. The attitude of the planes is (near-) perpendicular. In narrow
zones along many of these planes the gabbroic rock has been replaced by horn-
blende metagabbro and, more rarely, amphibolite. The occurrence of amphibolite
— with foliation parallel to the fault planes — characterizes the (small) faults,
along which some shear movements have taken place. At a few places these small
faults were seen to continue in the surrounding gneisses, and the off-set indicates
sinistral strike slip components of up to 25 m. The joint planes, which are far more
abundant than the faults and which may be lined with hornblende metagabbro,
are restricted to the Hyperite bodies. The planes stop abruptly at the gneiss
contact. This suggests that the joints were formed at least partly as a result of the
lithological and rheological differences between Hyperite and gneiss.

Strike measurements of 117 joint planes are listed in Table 2 and plotted in Fig.
18. The measurements indicate two maxima, one at c. N 10°W and another at c.
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N 75°E. It seems warranted to relate these directions to the folding activity in the
area. The strong N 10°W maximum may be related to the phase of folding
developed under maximum compression (o1) in an E—W direction. The joints

would then have originated upon stress relief. The weak N 75°E maximum could

have been formed earlier in the same phase of deformation, during intermittent
stress built up, or it might have been formed during the pressure release after the
phase of folding resulting in E—W axes.

PETROGRAPHY OF THE HYPERITES

GABBROIC ROCKS

The gabbroic rocks are medium-grained. They show a massive structure and a
dark grey to black colour with a brownish violet tinge. The rocks appear as
isotropic aggregates of platy, somewhat lath-shaped plagioclase crystals, a few
millimetres, locally up to 40 mm, in size. The following minerals were found (see
Table 3): apatite, biotite, carbonate, Ca-rich and Ca-poor pyroxene, garnet,
hornblende, ilmenite, potassic feldspar, magnetite, olivine, plagioclase, pyrite,
pyrrhotite, quartz, rutil, sericite, serpentine, spinel and zircon. The main magma-
tic paragenesis comprises plagioclase, Ca-rich and Ca-poor pyroxene, further, in
lesser amounts, olivine, ilmenite and titaniferous magnetite. Late magmatic mine-
rals — potassic feldspar, more sodic plagioclase, quartz, biotite, hornblende,
Ca-rich and Ca-poor pyroxene — were found filling the angular interstices between
the earlier magmatic crystals.

Plagioclase crystals, idiomorphic to hypidiomorphic, zoned in the range
Anzo—a0, @ = 0.2—40 mm, are clouded with opaque material (Fig. 19), cf. Polder-
vaart and Gilkey (1954). Locally, opaque material was found filling cracks in
plagioclase crystals (Fig. 20). The crystals are in nesophitic to ophitic intergrowth
with pyroxene crystals which are irregular in form, up to 2 cm in size and show a
great variety of exsolutions.

The Ca-rich pyroxene, augite, shows very regular and thin, 1—2 u, (001) exsolu-
tion lamelle of Ca-poor pyroxene. Locally, very small amounts of light greenish
augite occur in the late magmatic interstices. In most samples the main magmatic
Ca-poor pyroxene crystallized as pigeonite and now consists of a hypersthene matrix
containing blebs and lamelle of augite in different orientations. Locally this
exsolution process did not take place, preserving the homogeneous pyroxene phase
(with the same bulk composition as matrix and exsolutions put together). In the
more Mg-rich samples the magmatic phase is hypersthene instead of pigeonite.
Very minor amounts of both early and late magmatic Ca-poor pyroxene are
present.
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Fig. 19. Plagioclase containing finely dispersed Fig. 20. Plagioclase showing cracks filled with
opaque material (crossed polars); gabbroic opaque material (crossed polars); gabbroic

Hyperite. Hyperite.

The magmatic ilmenite and titaniferous magnetite crystals (volume relation
ilmenite/magnetite = 4) are in a sub-ophitic type of intergrowth with the plagio-
clase crystals, or appear to be filling isolated interstices between the plagioclase
crystals. Simple, magmatic intergrowths of ilmenite and titaniferous magnetite
crystals do occur. The magnetite shows exsolutions of ilmenite sheets according to
{111}, and spinel lenses according to {100}. The ilmenite shows exsolutions of
spinel sheets oriented along (0001). Ilmenite and magnetite crystals have been
marginally replaced by biotite and hornblende (plus some spinel).

Olivine crystals are present in only a few samples; they are rather large, @ =
0.5—2 mm, locally in clusters of two or three crystals, and are supplied with
two-tiered reaction rims along the olivine/plagioclase interface. An inner orthopy-
roxene rim, towards the olivine, is thus surrounded by an outer one of hornblende-
spinel symplectite. Garnet has locally replaced the outer rim. In many samples
where olivine is absent, these coronas indicate its former presence. Olivine is often
replaced at a late stage by brown coloured material which might be bowlingite.
Hypersthene-ilmenite (/magnetite) symplectites (Fig. 21) occur as irregular bod-
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Fig. 21. Ilmenite (/magnetite)-hypersthene symplectite formed at the expense of olivine crystals

R
during inherent metamorphism of gabbroic rock (Hyperite). Reflected light; the bright
vermicular material is ilmenite (+ some magnetite ?), the dark material is hypersthene (cf.

Zeck, Shenouda et al., 1982).

Fig. 22. Hand specimen of anorthosite-gabbro dominated by subhedral to euhedral plagioclase cry-
stals. Scale 4:5
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ies within olivine crystals. These intergrowths were formed as part of the inherent
metamorphism of the gabbroic rock by replacement of olivine under the simultan-
eous replacement of adjacent magmatic ilmenite or magnetite crystals with horn-
blende and biotite, see Zeck, Shenouda et al. (1982). This publication gives some
more details on the petrography and mineral chemistry of the gabbroic rocks.

In some Hyperite bodies, for example that at Trifors, a particular facies of
gabbroic rock was found which differs from the main facies by the abundant
occurrence of large euhedral to subhedral plagioclase crystals up to five centimet-
res in size (Figs. 22 and 23). The amount of these large plagioclase crystals is
about 70—90 percent by volume, and the rock may be called anorthosite-gabbro.
It usually occurs at the margin of the Hyperite bodies, and was apparently formed
by concentration, presumably by gravitational means, of early, large plagioclase
crystals in the Hyperite magma at the bottom of the intruded mass of magma. The
transition towards the main gabbroic facies is rather sharp, taking place over a
distance of a few decimetres. In a qualitative sense these rocks are not different
from the main type of gabbros. Olivine is present, though often replaced by
hypersthene-ilmenite (/magnetite) symplectites and (?) bowlingite.

Fig. 23. Coarse-grained anorthosite-gabbro consisting mainly of plagioclase. Left of centre an olivine
crystal almost completely replaced by hypersthene-ilmenite (/magnetite) symplectite and

surrounded by a two-tiered hypersthene-amphibole corona.
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HORNBLENDE METAGABBROS

These rocks have the same massive structure as the preserved gabbroic rocks, but
the magmatic crystals are largely replaced by metamorphic ones. The replacement
has a clearly mimetic nature, magmatic relict structures are abundant, and the |
rocks thus show blasto-magmatic structures. The minerals found in the rocks are !
given in Table 3. The magmatic plagioclase crystals have lost the clouding with |
opaque material, and are more sodic in composition (Anz0—3s). Many crystals are ‘
rich in inclusions of epidote and biotite (Fig. 24). Other magmatic crystals have
been replaced by aggregates of more sodic, polygonal plagioclase crystals. Furth-
ermore, scapolite and garnet replace the magmatic plagioclase. The magmatic
pyroxene has been altered to hornblende. The photomicrographs of Fig. 25
illustrate the sequence of replacement processes. The main stage is characterized
by the formation of polycrystalline aggregates of hornblende and quartz. The
hornblende then proceeds to form larger single crystals where the quartz crystals
remain as poikiloblastic inclusions. The last stage, only developed incipiently in
most rocks, is the removal of the quartz inclusions, apparently to form larger

R,

%

N = \ LW SN
Fig. 24. Hornblende metagabbro: a plagioclase crystal which has preserved its magmatic outline, but |
has become more sodic during the recrystallization and is filled with many euhedral inclusions |
consisting mainly of epidote, biotite and some apatite. The inclusions might in part have been |
formed by recrystallization of earlier replacement products.
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quartz crystals elsewhere in the rock. In between the more obvious mimetic
replacements of magmatic crystals, there is a finer grained matrix consisting
mainly of plagioclase, biotite and garnet. Biotite often occurs around opaque
material. Accessories are titanite and apatite. Retrogressive influence is indicated
by sericitization of plagioclase, replacement of biotite by chlorite and formation of
some carbonate.

Locally, recrystallization equivalents of the anorthosite-gabbro facies of the
gabroic rock were found (see Figs. 26 and 27). The magmatic structure character-
ized by the large plagioclase crystals is clearly preserved. The plagoclase crystals
have acquired a more sodic composition (Anz—30) and are partly replaced by
smaller, polygonal, metamorphic crystals of plagioclase (and some garnet and
scapolite). In the central parts they are filled with many euhedral epidote, musco-
vite and biotite crystals. The matrix between the large plagioclase crystals consists
of plagioclase, hornblende, quartz, biotite, garnet, opaque material, titanite and
apatite.

AMPHIBOLITES

The amphibolites are foliated, consisting of lenses and schlieren alternatingly rich
in hornblende and plagioclase. The blasto-magmatic textures dominating the
hornblende metagabbros have been replaced by purely metamorphic structures.
Only very locally some equidimensional to roughly rectangular plagioclase aggre-
gates can be seen, pseudomorphs after magmatic megacrystals (Fig. 28). The
mineral composition of the rocks is given in Table 3. The plagioclase has a rather
sodic composition (Anze—3o). The plagioclase-rich schlieren frequently have a
polygonal texture. Euhedral inclusions of epidote and biotite appear often parallel
to the plagioclase cleavage. Discrete crystals of biotite and hornblende occur
among the plagioclase crystals. The hornblende-rich schlieren consist mainly of
subhedral hornblende and to a lesser extent biotite crystals, further plagioclase
and garnet. The retrogressive influence in the rocks is demonstrated by the
sericitization and saussuritization of the plagioclase, the formation of carbonate at
the expense of plagioclase and by the alteration of biotite and garnet to chlorite,
and perhaps also by the replacement of opaque material to titanite.

The biotite amphibolites have much in common with the amphibolites. The
difference is that the biotite content is 40—50 %, and accordingly the foliation is
much better developed (Fig. 29). Accessories are magnetite, apatite and zircon.

The three different rock types in the Hyperite bodies have been defined on
structural and mineralogical features observed in hand specimens. These criteria
were used to discriminate the rocks in the field during mapping. In order to check
how this classification relates to the mineral compositions estimated in thin
sections, we made a cluster analysis of the mineralogical information which is
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. A sequence of photomicrographs illustrating the transition in the Hyperite from gabbroic rock
to hornblende metagabbro with increasing recrystallization and formation of hornblende.
a—Gabbroic rock: incipient formation of a 50—100 wm wide hornblende rim around magmatic
augite crystals. b—Hornblende metagabbro: relict cores of augites preserved in replacive
hornblende. Note the small quartz crystals in the hornblende which represent an additional
product of the replacement (cf. Beach, 1973). c—Hornblende metagabbro: hornblende has
replaced all augite. In the centre of the polycrystalline replacive aggregate the small quartz
crystals are still preserved, at the margin a homogeneous, monocrystalline hornblende rim has
been formed. d—Nearly identical area, photographed between crossed polars. e—Hornblende
metagabbro: a monocrystalline hornblende crystal has been formed. The small quartz crystals
are largely preserved. f—Amphibolite: new hornblende crystals have been formed. No quartz
crystals are preserved. The smaller grain size might be due to paracrystalline deformation
inducing recrystallization. The rock has been completely recrystallized. No traces remain of
the original magmatic structure. Instead, the foliation developed during the metamorphism is
the dominant structure of the rock.
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Fig. 26. Hand specimen of recrystallized equivalent of anorthosite-gabbro from the bottom of the
Hyperite body at Trafors. The magmatic structure has been largely preserved.

Fig. 27. Photomicrograph of hornblende meta-anorthosite-gabbro. Plagioclase blasto-megacrysts in a ‘
3 matrix of smaller hornblende, biotite, plagioclase and quartz crystals. Crossed polars. 1
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Fig. 28. Amphibolite: a magmatic plagioclase Fig. 29. Biotite amphibolite. Biotite is a major
crystal replaced by an aggregate of mineral often assembled in schlieric
roughly equant, metamorphic plagiocla- aggregates.
se crystals.

summarized in Table 3. Fig. 30 shows a dendrogram constructed on the basis of an
unweighted cluster analysis (Ujiie and Nagase, 1971) taking into account the
following minerals: biotite, calcite, chlorite, orthopyroxene, clinopyroxene, epi-
dote, hornblende, garnet, quartz, opaque material, plagioclase, titanite and scapo-
lite. Minerals occurring in quantities lower than 1 % are scaled up to 1 %. At
70 % similarity, three well-defined groups occur. The rock type distribution in the
three groups is as follows:

group 1, 9amphibolites, 3 hornblende metagabbros,
group 2, 7 amphibolites, 12 hornblende metagabbros,
group 3, | hornblende metagabbro, 12 gabbroic rocks.

This distribution shows that the dendrogram classification based on the estimated
total mineralogy reproduces rather well the classification based on field observa-
tions. The separation of the amphibolites and the hornblende metagabbros be-
tween group 1 and 2 is not too well expressed. This reflects that their main
difference is a structural one which was not considered in the dendrogram classifi-
cation.
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- GEOCHEMISTRY OF THE HYPERITES

SAMPLING PROCEDURE AND SAMPLE PREPARATION FOR
CHEMICAL ANALYSIS

The Hyperite samples have been taken from localities where gabbroic rock,
hornblende metagabbro and amphibolite occur close to each other, usually within
a distance of 10—20 m, this to maximize the chance that a close protolithic
relation exists between the samples. Where possible, the distance from the sample
points to the Hyperite/gneiss contact has been measured.

The samples used for chemical analysis had a weight of c. 5 kg. In the field
weathering surfaces were cleaned off by hammer chipping. The samples were
broken into fragments with a maximum size of ¢. 5 cm and packed in plastic bags.
In the laboratory these pre-treated samples were fed directly into a jaw crusher
(Fritsch, WC) where they were crushed in several steps to a maximum grain size
of 1 cm. Further crushing was done in two portions. The one for major element
analysis was crushed in WC (Siebtechnik ring mill), and the one for trace element
analysis was crushed mainly in agate (Fritsch ball mill) to minimize contamina-
tion effects.

ANALYTICAL METHODS

Major element analyses of the rocks were performed by the chemical laboratories
of the Geological Survey of Greenland, under the direction of I. Serensen and J.
Kystol Christensen. SiOz, TiOz, Al203, FeO*, MnO, CaO, K:0 and P20s were
determined with a Siemens SRS XRF-spectrometer using methods outlined by
Serensen (1975, 1976). Ferrous/ferric iron was obtained wet chemically. Na:0
and MgO were determined by atomic absorption spectrometry, H2O by means of
the Penfield method.

The trace elements Rb, Sr, Ba, Zr, Y, Ni, Cu, Zn, Pb, Th, S and CIl were
analysed by one of the authors (J.R. Morthorst) with the Philips PW 1410/20
semi-automatic XRF spectrometer at the Institute of Petrology, Copenhagen
University, under the supervision of Dr. J.C. Bailey, using general methods
outlined by Norrish and Chappell (1967), and Bailey and Serensen (1976). The
measurements were carried out on 4 g powder tablets. Each tablet was measured
twice to check the precision of the analyses. For S and Cl, new tablets were made
shortly before the measurements, as these elements are very sensitive to atmosphe-
ric contamination. For calibration, the following international standards were
used: G-1, G-2, GA, GR, GSP-1, AGV-1, BCR-1, W-1, PCC-1, BR, DR-N;, as well
as two home-made S standards. For each run, four or five of these standards were
measured (cf. Flanagan, 1973, 1974). The accuracy decreases (depending on the
element) from a few per cent for elements present in concentrations of a few
hundred ppm, to 10—30 per cent for elements such as Pb and Th which occur in
very low concentrations.
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Fig. 30. Dendogram constructed on the basis of an unweighted cluster analysis of the estimated
mineral contents of the same samples forming the base of Table 3. Three groups come out at
70 % similarity (dotted line).
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Na2O+K20

Fig. 31. AFM diagram showing the tholeiitic character of the gabbroic Hyperite rocks. Dividing line
after Irvine and Baragar (1971).
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ANALYTICAL RESULTS

The chemical compositions and CIPW norms of the three types of Hyperite rocks
— gabbroic rock, hornblende metagabbro and amphibolite — are given in Table
4. Table 5 presents the average (mean) compositions.

NATURE OF THE HYPERITE MAGMA

The tholeiitic nature of the gabbroic rocks is demonstrated in Wager’s AFM
diagram (Fig. 31). The hornblende metagabbros and amphibolites plot in roughly
the same area of the diagram (Fig. 32); a few samples are displaced towards the A
corner.

According to the normative classification of Yoder and Tilley (1962), the series
of 26 samples of gabbroic rock consists of 2 quartz-tholeiites, 5 tholeiites (both Q
< 1 and ol < 1) and 19 olivine-tholeiites. (Norm calculations were made with a

FeO*

X hornblende metagabbros
O gabbroic rocks

V. A4 A4 M AV4 N AV AV AV4

Na,0 +K,0 MgO

1

\

Fig. 32. AFM diagram (computer plot) featuring all three Hyperite rock types: gabbroic rocks, |
hornblende metagabbros and amphibolites. Compared to the gabbroic rocks (see also Fig. ‘

31), a few amphibolites and hornblende metagabbros are displaced towards higher F and A

values. Dividing line after Irvine and Baragar (1971). |
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Fig. 33. Alkali-SiO:2 diagram showing the distribution of the three Hyperite rock types. Dividing line
after Irvine and Baragar (1971). The gabbroic rocks plot close to the alkaline/sub-alkaline
field boundary, predominantly in the sub-alkaline field. The hornblende metagabbros, and
even more so the amphibolites, plot predominantly in the alkaline field.

program made by cand. scient. Tom S. Petersen, Danmarks Geologiske Underse-
gelse.) The hornblende metagabbros (26 samples) consist of 4 quartz-tholeiites, 5
tholeiites, 14 olivine-tholeiites, 1 olivine-basalt (both hy < 1 and ne < 1) and 2
alkali basalts. The 22 amphibolites come out as 2 quartz-tholeiites, 5 tholeiites, 12
olivine-tholeiites, 2 olivine-basalts and 1 alkali basalt.

The alkali-SiO2z diagram (Fig. 33) demonstrates the sub-alkaline nature of the
gabbroic rocks. All but three samples plot in the sub-alkaline field. The three
samples plotting in the alkaline field represent occurrences of anorthosite-gabbro
or rocks closely associated therewith, suggesting that the location of these rocks in
the alkaline field might be due to a local, shallow level differentiation process. The
sub-alkaline character of the Hyperite magma as a whole thus becomes even more
pronounced than suggested by Fig. 33. The hornblende metagabbros and the
amphibolites are clearly displaced to higher (Naz0 + K:0) values compared to
the gabbroic rocks, and plot predominantly in the alkaline field.

In the An-Or-Ab’ diagram of Irvine and Baragar (1971), Fig. 34, the gabbroic
rocks plot on the boundary between the fields for common basalts and basalts rich
in potassium. Notably some amphibolites deviate from this picture, being dis-
placed towards the Or corner.

The discrimination diagram of Floyd and Winchester (1975) seems to suggest
an ocean tholeiitic character for the gabbroic rocks (Fig. 35). The hornblende
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metagabbros and amphibolites show a somewhat larger distribution field, but on
the whole conform rather well to the gabbroic rocks in this diagram.

In the Ti-Zr-Y diagram (Pearce and Cann, 1973) only four samples of gabbroic
Hyperite plot in field D (within-plate basalts), the rest are concentrated in field B
(Fig. 36). Two of these four samples are of anorthosite-gabbro or rocks closely
associated therewith. These rocks may have originated by differentiation processes
at shallow depth and are apt to give an incorrect picture of the magma (see above).
For this reason Pearce and Cann (1973) excluded such rocks from their primary
sample set. So in fact there are only two bona fide samples plotting in field D,
making the concentration of points in field B even more distinct. This field
harbours mainly ocean ridge basalts, but also volcanic arc basalts (low potassic
tholeiites and calc-alkali basalts). The hornblende metagabbros and amphibolites
conform rather well to the gabbroic rocks in the diagram (Fig. 37). Also in the
Ti-Zr-Sr diagram of Pearce and Cann (1973), Fig. 38, the three rock types show

Fig. 34. An-Ab-Or diagram used to distinguish K-poor, average and K-rich rocks. Field boundaries
after Irvine and Baragar (1971). Signatures as in Fig. 32.
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g. 35. Discrimination diagram efter Floyd and Winchester (1975). CTB: continental tholeiite basalt;
OTB: oceanic tholeiite basalt. Signatures as in Fig. 33. All gabbroic Hyperite rocks plot in the
field for oceanic tholeiite basalt. Hornblende metagabbros and amphibolites show a slightly
larger distribution field.
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very similar distribution patterns. This diagram confirms that the rocks could
have originated in an ocean ridge environment.

In view of the clear-cut continental setting of the gabbroic intrusive rocks the
ocean floor assignment appears not readily acceptable. It seems rather that the
Ti-Zr and Ti-Zr-Y diagrams are unable to discriminate systematically between
continental tholeiites and ocean ridge basalts. In a recent paper by Zeck and
Morthorst (1982) this problem is discussed in more detail. The mentioned paper
presents the Ti-Zr-Y plots for other basic igneous rock suites, viz. Karroo provin-
ce, S Africa, Columbia River Group, Northwestern U.S.A., and the Early Mesozo-
ic dyke suite in the coastal region of NE America. It is concluded that tholeiitic
magmas which break through continental crust and which are arrested as dykes,
sills or effusive lavas, may show Ti/Zr/Y ratios that are similar to those shown in
ocean ridge basalts. This impairs the use of Ti-Zr-Y and related discrimination
diagrams as a general means of assigning a geological setting to the formation of
(the igneous progenitors of meta-)basic rocks.
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METASOMATIC EFFECT OF THE AMPHIBOLITE
FACIES METAMORPHISM
PRESENTATION AND EVALUATION

In several of the discrimination diagrams the gabbroic rocks, the hornblende
metagabbros and the amphibolites, respectively, plot somewhat differently (cf.
Figs. 32-35). Also their range of normative mineral composition is different,
suggesting that metasomatic changes have taken place in connection with the
metamorphism that altered the gabbroic rocks to hornblende metagabbros and
amphibolites. This demonstrates that discrimination diagrams based on magma-
tic standard rocks cannot be used indiscriminately for metamorphic rock series.

In order to demonstrate the chemical differences between the gabbroic rocks
and the recrystallized rocks, two cluster analyses have been made, one dealing
with the major elements and another with the trace elements. The two resulting
dendograms are given in Fig. 39. They are based on the procedure outlined by
Ujiie and Nagase (1971) for unweighted cluster analysis, and are prepared with
the help of a computer program made by cand.scient. Bjarne Wallin (Atom-
forsegsstation Risg, Denmark). The imput material consisted of the raw chemical
data; no elements were scaled up or down.

In the major element dendrogram (Fig. 39 a) at a 95-96 % similarity two large
clusters may be recognized alongside an unassorted rest. The three types of
Hyperite rocks are not systematically divided among these three “clusters’. For
the samples taken together, the measure of similarity is quite high, about 90 %.
This suggests that the major element metasomatism connected to the recrystalliza-
tion within the Hyperites may be of minor importance, and further that the
original intrusive gabbroic rocks represented a rather homogeneous magmatic
suite showing only limited differentiation. A study of the distribution of Ca and Ni

(a) Ti/100 (b)

WITHIN — PLATE BASALT

B \>LOW—K THOLENTE

7
7>>OCEAN RIDGE BASALT
><CALC —ALK. BASALT

X GABBROIC ROCKS
Zr Y.3

Fig. 36. a — Ti-Zr-Y discrimination diagram (Pearce and Cann, 1973) explained. b — 25 samples of
gabbroic Hyperite rock plotted in the Ti-Zr-Y diagram. Only three samples plot in field D
(within-plate basalts), the rest are concentrated in field B, claimed to be indicative of mainly
ocean ridge basalts, but also volcanic arc basalts (low-K tholeiites and calc-alkali basalts).
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Fig. 37. All three types of Hyperite rocks plotted in the Ti-Zr-Y diagram. Signatures as in Fig. 33. The
distribution fields for hornblende metagabbros and amphibolites conform rather well to that
of the gabbroic rocks.

within the gabbroic rocks of the Hyperite bodies seems to confirm the latter
suggestion. If a marked differentiation had taken place, it might have occurred
within the intrusive bodies resulting in a systematic internal distribution of diffe-
rentiation affected elements. Fig. 40 indicates that there is no systematic decrease
in Ca and Ni in the gabbroic rocks as a function of the distance to the contact with
the country rock, thus arguing against any pronounced form of differentiation
within the magmatic bodies. In only a few Hyperite bodies, for example the one at
Trafors (Norra Halerud), are signs of a magmatic differentiation present in the
form of a special marginal rock facies consisting of anorthosite-gabbro, probably
formed by gravitational differentiation (see p. 39). In many geochemical diagrams
(see, e.g., Fig. 45, p. 71 ff), the four samples from the Trifors locality plot in a
rather isolated position. The major element dendrogram (Fig. 39 a) brings out
clearly the unique nature of these four samples. They plot most to the right, clearly
separated from the rest of the samples.
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The trace element dendrogram (Fig. 39'b) shows a much lower measure of

overall similarity. At 75 % similarity, three main clusters come forward:

1, 10 amphibolites, 8 hornblende metagabbros,
2, 6 amphibolites, 8 hornblende metagabbros, 7 gabbroic rocks,
3, I amphibolite, 8 hornblende metagabbros, 18 gabbroic rocks.

Not unexpectedly the intermediate rock type, the hornblende metagabbro, is
evenly distributed over the three groups. A clear concentration of gabbroic rocks is
found in group 3, and a weaker but still convincing concentration of amphibolites
occurs in group l. This distribution pattern is similar to that read from the
dendrogram based on the mineral distributions (Fig. 30). The cluster analyses
indicate that there may be some systematic chemical differences between the three
rock types in the Hyperite Formation, especially regarding the trace elements.
However, the differences are not very well defined in the dendrograms and are not
specified as to which elements are the major discriminators. Besides, no statistical

tests are available to evaluate the outcome of the analyses.

Ti/100

Zr

Fig. 38. All three types of Hyperite rocks plotted in the Ti-Zr-Sr diagram (Pearce and Cann, 1973).
OFB: ocean-floor basalt; LKT: low-K tholeiite; CAB: calc-alkali basalt. Signatures as in Fig.
33. If anything, the diagram favours an ocean ridge basalt characterization for the gabbroic
rocks — 18 out of 26 samples plot in field OFB. The hornblende metagabbros and amphiboli-
tes show distributions very similar to that of the gabbroic rocks.
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Fig. 39. Dendrograms based on unweighted cluster analysis (Ujiie & Nagasa, 1971) of the chemical

composition of the Hyperite rocks, a — major elements, b — trace elements. Signatures as in

Fig. 33.



56 J.R. MORTHORST, H.P. ZECK, P.H. LUNDEGARDH

Information on the metasomatic effect of the metamorphic transitions can be
obtained by making a geochemical traverse in an exposure where the three rock
types occur together. The results of such an analysis are given in Fig. 41. Four
samples were analysed — one gabbro, one hornblende metagabbro and two
amphibolites — and their compositions were plotted as a function of the distance
from the gneiss contact. The diagrams in Fig. 41 suggest that the metamorphic
transition from gabbro to amphibolite involves an increase in the contents of
Fe20s3, K20, H20, MnO, P:0s, Cl, Ba, Zn, and Rb, and a decrease in the contents
of CaO, MgO, TiOz, Sr, Ni and Y. However, the interpretation of these apparent
differences is not without complications. It is, for example, not so that a higher
element content in the amphibolites automatically indicates that this element has
been added to the rock during the metamorphism. (See below and compare, e.g.,
Gresens, 1967, and Skala, 1979.) Besides, the longer these profiles are, the greater
is the risk that the metamorphic effects are compunded with (small) differences
existing in the original intrusive rock facies. We have noted before (pp. 52-53, Fig.
40) that marked magmatic differentiation within the Hyperite bodies is not
apparent, but smaller magmatic variations could easily occur and therewith
interfere with our evaluations of the metasomatic effects which in part may be
rather subtle. Therefore, in this paper we prefer to employ two other methods to
evaluate the metasomatic effect of the metamorphic transition.

1. The first method employs a type of diagram which we will call fixed pair diagram. It
has been used earlier, for example by Elliott (1972), and Field and Elliott (1974).
It is explained in Fig. 42. The data handling and plotting have been done mainly
by computer with the aid of a program developed by cand. scient. Morten Sparre
Andersen (Greenland Geological Survey). The diagram compares directly the
chemical compositions of samples of the Hyperite rock types of the same locality,
taken close to each other. In the plots the hornblende metagabbros and the
amphibolites have been taken together and plotted on the ordinate, under the
name “’amphibolitic rock”. The gabbroic rocks are on the abcissa. A separate
diagram is given for each chemical component analysed. If there is no difference in
composition between the amphibolitic rocks and the gabbroic rocks, all points will
plot on the 45° slope line dividing the 90° angle of the orthogonal diagram. If the
gabbroic rocks have a higher concentration the data points will be concentrated in
the lower part of the diagram, and if the amphibolitic rocks have a higher content
the data points will be concentrated in the upper part of the diagram.

However, many of the plots so produced (Fig. 43, p. 61 fI; the left hand diagrams
marked with a’’) are not very conclusive. The difference in point configuration
and point density on both sides of the division line are too subtle to be evaluated
by more visual inspection. A more rational way of deciding the differences is called
for. Following suggestions by Zeck and Kalsbeek (1981) certain statistical tests
can be applied to the diagrams (see Fig. 42). In the testing applied here the
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Fig. 40. Diagrams illustrating the areal distribution of CaO (a) and Ni (b) contents of gabbroic rocks
within Hyperite bodies. The CaO and Ni contents of 17 samples of gabbroic rocks from
different localities in different Hyperite bodies are plotted as a function of the distance to the
contact with the surrounding quartzo-feldspathic rocks. No correlation is apparent in the two
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0 1 2 3 4 5m 0 1 2 3 a 5m
distance to contact distance to contact

Fig. 41. Major element (a) and trace element (b) contents in a series of four samples from a sample
traverse across a Hyperite/gneiss contact. The chemical composition of the samples have been
plotted against the distance from the contact. Signatures as in Fig. 33.
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distance of each point (locality) to the 1:1 dividing line is measured and given a
positive or negative sign depending on whether it lies over or under the 1:1 line.
The row of figures so obtained is then tested for significant bias of either positive or
negative values by the t-test (Haber and Runyon, 1973, p. 255) and the Wilcoxon
matched-pairs signed-rank test (op. cit., p. 302).

However, if the tests were applied in this way, we would not allow for the closed
array character of the chemical components. The influence of this internal correla-
tion factor is best explained by considering an element migration in which, say, 2
weight % of a single element is removed without any compensating influx of other
elements. This means that all the other elements present, majors and traces, will
increase their concentration by a factor 100/98. This implies that differences
observed between the two data samples might be caused not only by active
migration of the elements involved, but also by these passive, arithmetically
induced changes. This problem can be overcome by relating the element contents
to a component (or set of components) remaining immobile during the process
studied. (See, e.g., Gresens, 1967, and Pearce, 1968, for a full discussion of this
topic.) This leads to employing a new set of diagrams figuring element ratios in
which the denominator is an immobile element (oxide). In the present paper we
have chosen MgO as such an immobile component. MgO plots comparing gab-
broic and amphibolitic rocks (Fig. 43,8 and Fig. 45,7) indicate its immobile
behaviour. The X/MgO — FeO*/MgO plots (to be introduced below) for ele-
ments such as Ti, P, Y and Zr confirm this conclusion. The fixed pair diagrams
based on X/MgO ratios are given in Fig. 43, in the right hand column (b). The
results of the statistical testing in these diagrams as explained above (see also Fig.
42) will be found in Table 6.

2. The second method employs FeO*/MgO diagrams. The three Hyperite rock types
plotted in these diagrams, one for each element analysed, have overlapping
distribution fields, as seen from Fig. 45, left hand figures (a). As for the fixed pair
diagrams, the differences between these plot patterns can only be evaluated
properly by applying appropriate statistical tests. The differences are too subtle to
be evaluated by a mere visual inspection of the FeO*/MgO diagrams or a crude
comparison of average element (oxide) concentration values and their standard
deviations. Note that also here, in the evaluation of the diagrams that will follow,
the hornblende metagabbros and the amphibolites are pooled and will be compa-
red with the gabbroic rocks as a combined group which will be called "’amphiboli-
tic rocks”.

The statistical significance of the small differences between the two populations
can be checked obviously by means of the t-test and the Wilcoxon matched-pairs
signed-rank test (Haber and Runyon, 1973) directly applied to the analytical
results. However, as was the case for the fixed pair diagrams explained above, the
interpretation of the results of such tests on the raw analytical data is not without
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Fig. 42. Fixed pair diagram explained. For each element analysed a separate diagram will be given.
Each point represents a locality where one or a few samples of amphibolitic rock™ (compri-
sing both hornblende metagabbro and amphibolite) and gabbroic rock have been taken. The
element (oxide) content of the gabbroic rock (in the case of two or more samples their average
value) is given on the abcissa, and the content of the amphibolitic rock (or the average value, if
more than one sample) on the ordinate. In case there is no difference between the gabbroic
rock value and the amphibolitic rock value, the point for the location will plot on the 45° line
dividing the 90° angle of the orthogonal diagram. If the concentration in the amphibolitic
rock(s) is higher the points will plot above that line, and vice versa. To allow for a statistical
evaluation of the plot pattern, residual values for each point (locality) vis-a-vis the 45° slope
line have been computed (see text for further explanation).

complications. Two problem are to be considered. The first is explained in Fig. 44
a, illustrating a statistically significant difference between the two populations
(ordinate values only) which needs not reflect the metamorphic effect, the aim of
our study, but might be due merely to a difference in degree and range of
magmatic differentiation between the gabbroic rocks and the actual gabbroic
progenitors of the ampbhibolitic rocks. In order to reduce this effect we have
collected our samples of gabbroic and amphibolitic rocks as close to each other as
the degree of exposure permitted, but our procedure might not have been entirely
successful. The second problem is explained in Fig. 44 b which shows a real
difference between the two populations, but it will possibly be labelled as non-
significant by the tests applied.
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Both these interpretation problems may be solved by performing the statistical
testing in the following way (see Fig. 44 c). The magmatic variation of each
element/oxide is modelled by a least square regression line in the FeO*/MgO
diagrams. The statistical tests are performed on the differences between the
measured concentrations and the concentrations given by the regression line. Two
conditions must be fulfilled for this improved method of statistical testing to give
proper results. The first is that the magmatic variation in the FeO*/MgO
diagrams can be reasonably represented by a straight line. The diagrams show
that this condition is fulfilled within the restricted FeO*/MgO range considered.
The second is that the FeO*/MgO ratio is not affected by the metasomatic process
here investigated. This is confirmed by the FeO*/MgO diagrams for TiO2, MgO,
Zr and Ni, which show strikingly identical magmatic and metamorphic trends
interpreted to indicate that TiOz, FeO*, MgO, Zr and Ni have not been affected
by the metamorphic process. The alternative is that TiO2, MgO, Zr and Ni should
have been influenced by the same type of metasomatism, simultaneously causing
metasomatic changes in the ratio FeO*/MgO, so as to duplicate the effect of the
magmatic differentiation. That does not seem very feasible. If it nevertheless
would be realized, the resulting metamorphic changes would go undetected by the
method here outlined.

A final problem to be considered is that of the closed array character of the
chemical composition of a rock. As explained above in connection with the fixed
pair diagrams, we will remedy this problem by working with element ratios. In
agreement with arguments given above we selected MgO as divisor, which resul-
ted in a series of X/MgO-FeO*/MgO diagrams, one for each element analysed, as
shown in Fig. 45, right hand figures (b). The results of the statistical testing are
given in Table 6.
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Fig. 44. Schematical diagram (after Zeck and Kalsbeek, 1981) illustrating

a — the occurrence of a statistically significant difference between two rock series of
gabbroic rocks and amphibolites. However, this difference might be due solely to an overre-
presentation — maximized in this cartoon-like diagram to stress its principle — in the
gabbroic rocks (circles) versus the amphibolitic rocks (triangles) of a higher differentiation
level, whereas the metamorphic effect might be non-significant. Our sampling procedure —
collecting gabbroic and amphibolitic rocks as close as possible to each other as the degree of
exposure permitted — was aimed at minimizing this effect, but it might not have been entirely
successful.

b — a real difference between the two populations — the amphibolites having higher
ordinate values — but due to the large variation caused by the magmatic differentiation, the
standard deviations are rather large, which means that the difference will probably be
classified as non-significant when the tests are applied directly on the analytical results (the
ordinate values in the diagram).

¢ — the method employed here for the statistical evaluation of the difference between the
sample population of the gabbroic rocks and that of the amphibolites. Each data point (P) is
compared with the regression line modelling the magmatic evolution, and the differences thus
found (-p) are compared statistically.

Fig. 45. A series of X-FeO*/MgO diagrams (left hand figures, a) and X/MgO-FeO*/MgO diagrams

(right hand figures, b). Symbols: 00 = gabbroic rocks, X = hornblende metagabbros, + =
amphibolites.

The four samples ringed in the diagrams 1 b,2a,3a,3b,5a,7,8b,9b, 15b, 18a, 20 a and
23 a come from the contact zone of the Hyperite body at Trafors (norra Hallerud). This
contact zone consists of anorthosite-gabbro (gravitationally) enriched in large plagioclase
crystals (see p. 39). These four samples are not included in the statistical evaluation of the
plots. .
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DISCUSSION OF THE METASOMATIC EFFECT
OF THE METAMORPHISM

The results of the statistical evaluation of the metasomatic effect of the metamor-
phic transition given in Table 6 will be supplied with some short comments for
each component.

8102 (Figs. 43:1 and 45:1). The statistical tests fail to indicate a statistically
significant difference of the SiO2 contents between the two rock groups. The large
difference in plot pattern between the SiO: diagrams and the SiO2/MgO diagrams
illustrates the danger of making raw percentage comparisons.

Ti0: (Figs. 43:2 and 45:2). No (statistically significant) differences could be shown
here. The small difference between the TiO:z and TiO2/MgO diagrams, especially
when compared with that for SiOz2, might be due in part to the low TiOz content as
compared with the SiO2 content.

Al20s (Figs. 43:3 and 45:3). No differences could be shown.

Fe20s (Fig. 43:4 and 45:4). The amphibolitic rocks have very significantly higher
contents, as can be readily seen in the diagrams.

FeO (Figs. 43:5 and 45:5). The amphibolitic rocks are significantly lower in this
component.

FeO* (Fig. 43:6). As the FeO*/MgO diagram for obvious reasons cannot be
employed, we have to rely on the fixed pair diagram. The tests here fail to show
any difference. This result, together with those recorded for Fe:0s and FeO,
indicates that the amphibolitic rocks have been formed under oxidizing condi-
tions.

MnO (Figs. 43:7 and 45:6). MnO is an example (together with Ba and Zn) where
the two tests give different results. The fixed pair diagram fails to show any
difference, whereas the FeO*/MgO diagram indicates a significantly higher con-
tent in the amphibolitic rocks.

MgO (Figs. 43:8 and 45:7). This component is not readily evaluated in the
diagrams employed as they use MgO as a normalising factor. Its relation to TiOa,
FeO*, P20s, Zr and Ni characterizes Mg as an immobile element.

CaO (Figs. 43:9 and 45:8). No differences could be shown. The striking difference
in plot pattern between the CaO and CaO/MgO diagrams demonstrates the
importance of working in ratio diagrams.
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Na20 (Figs. 43:10 and 45:9). Both diagrams indicate a higher Na20 content in the
amphibolitic rocks. In the fixed pair diagram this difference is significant, in the
FeO*/MgO diagram less significant.

K20 (Figs. 43:11 and 45:10). Both diagrams indicate a (very) significantly higher
K20 content in the amphibolitic rocks. Note also the smaller variation shown in
the gabbroic rocks.

H20 (Figs. 43:12 and 45:11). Not surprisingly, the tests indicate a very significantly
higher H20 content in the amphibolitic rocks.

P20s (Figs. 43:13 and 45:12). No differences could be shown.

Rb (Figs. 43:14 and 45:13). The tests indicate a (very) significantly higher Rb
content and a larger variation in the amphibolitic rocks. The scores in the tests are
very similar to those of K.

Cu (Figs. 43:15 and 45:14). No differences could be shown.

Sr (Figs. 43:16 and 45:15). No differences could be shown.

Ba (Figs. 43:17 and 45:16). The fixed pair diagram fails to show any difference.
The FeO*/MgO diagram reveals a significantly higher Ba content in the amphi-
bolitic rocks.

Zn (Figs. 43:18 and 45:17). As for Ba.

Y (Figs. 43:19 and 45:18). No differences could be shown.

Pb (Figs. 43:20 and 45:19). A very significantly higher Pb content characterizes the
amphibolitic rocks.

Zr (Figs. 43:21 and 45:20). No differences could be shown.

Th (Figs. 43:22 and 45:21). A significantly higher Th content in the amphibolitic
rocks is indicated by both tests.

S (Figs. 43:23 and 45:22). All tests indicate a very significantly lower S content in
the amphibolitic rocks.

Ni (Figs. 43:24 and 45:23). No differences could be shown.
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Cl (Figs. 43:25 and 45:24). The tests indicate a very significantly higher content in
the amphibolitic rocks.

K/Rb (Fig. 43:26 a). Only the fixed pair diagram was used, and the tests applied
there failed to show a difference.

Mg/Ni (Fig. 43:26 b). Also for this ratio only the fixed pair diagram was used. It
failed to bring out any difference.

CONCLUDING REMARKS ON THE METASOMATIC EFFECT

The statistical evaluations explained above may be summarized as follows: the
formation of the amphibolitic rocks from the gabbroic rocks resulted in addition of
Na, K, H20, Rb, Pb, Th, Cl, (Mn, Ba, Zn) to the basic rocks, and a subtraction of
S. Fe203/FeO became increased. Immobile elements are Si, Ti, Al, Fe*, Mg, Ca,
P, Cu, Sr, Y, Zr and Ni. No changes could be shown for K/Rb and Mg/Ni. The
status of Mn, Ba and Zn is uncertain; the fixed pair diagrams fail to demonstrate
any difference, whereas the FeO*/MgO diagrams show a significant difference. It
is not directly apparent how to explain this difference of evaluation. We therefore
prefer to reserve our opinion on the bulk chemical effect for Mn, Ba and Zn.
Further investigations will be carried out to solve this problem. Another question
to be answered by closer studies is whether there are differences between the
transition from gabbroic rocks to hornblende metagabbro and the change from
gabbroic rock to amphibolite.

Comparing the results of the present study of the chemical effect of a metamor-
phic imprint on basic rocks with the results of similar studies, one has to take into
consideration that the nature and the extent of the bulk chemical effect of an
imprint of weathering or metamorphism on a rock will be dependent on the nature
of the rocks involved as well as the intensity of the weathering or metamorphism
and the conditions under which the process has taken place. The process is not
only controlled by T, P and other intensive parameters, but also by a range of
extensive and kinetic factors, e.g., the amount of H20O(-rich fluid) taking part in the
process, further the texture, structure (porosity) and chemical composition of both
the rock unit considered and its country rock as well as their relative amounts and
mode of intercalation. Thus, different rocks developing in different environments
may be expected to show different types of element migrations. Identical element
migration patterns can only be expected in metamorphic transitions taking place
under identical conditions, both as to intensive and extensive factors. The claim of
universal immobility for a range of elements (Winchester and Floyd, 1977; Floyd
and Winchester, 1978) is therefore somewhat problematic.

Investigations by Elliott (1973; major elements) and Field and Elliott (1974;
trace elements) deal with the chemical effect of amphibolite facies metamorphism
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of Hyperite (?) bodies from S Norway. The character of the rocks involved and
their geological setting compare very well with those of the Hyperite suite of the
present study. Like the Virmland Hyperites these bodies have been emplaced into
amphibolite facies, mainly quartzo-feltspathic country rocks. The whole complex
thereafter underwent a renewed amphibolite facies metamorphism. This was
claimed to result in a migration into the basic rocks of O (increase in Fe203/FeQ),
KB HZO, Rb, V, CI and probably Zr, and a depletion in Fe*, Ca, S and Zn,
probably also in Si and Co. Table 7 presents a comparison of the results of the two
studies with our present results. Some of the differences, e.g., the depletion of Si
and Ca, and the "no difference” for Na in the amphibolitic rocks suggested by
Elliott (1973), might be explained by the fact that these conclusions are based on
comparisons of raw analytical percentages and not on element (oxide) ratio
considerations (see above). The differences concerning Mn, Ba and Zn will not be
commented on here because our results are not consistent for these elements. As
mentioned above, the differences concerning P and Zr may be partly a closed
array effect, but might also reflect real differences in petrological history between
the two areas. For example, the amount and composition of the aqueous solutions
involved in the metamorphic process might be different for the two complexes.
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TABLE 1. Chemical and normative composition of gneisses in the Olme
area. Coordinates refer to the Swedish national grid, topo-
graphic map 10 D Karlstad NO. Major elements in weight per
cent, trace elements in ppm. Major element analyses by Geo-
logical Survey of Greenland; trace elements by the authors
(JRM)

Sample
nr. 31701 31722 31740 31763 31774 31795 32005 32023

Coordin.87725/ 87720/ 87650/ 88960/ 87600/ 89190/ 89230/ 76800/
93305 93275 90016 93950 90105 94365 94730 93502

SiO2 70.96 13:35 72.77 69.19 72-17 71.24 72.40 1329

TiO2 0.40 0.31 0.25 0.29 0.29 0.31 0.28 0.36
A1203 14.84 14.42 14.31 15.41 14.07 14.79 14.09 12.62
Fe203 0.01 0.10 .59 0.32 0.41 0.37 0.55 1.98
FeO 1.87 0.96 0.92 1.59 1327 75 422 0.84
MnO 0.07 0.04 0.07 0.14 011 0.10 0.15 0.07
MgO 0.60 0.25 0.29 0.68 0.29 0.61 0.62 0515
Ca0o 2.43 0.82 0.67 1.87 0.75 1.66 1.40 0.64

2O 5.40 5.20 4.76 5.57 4.00 4.50 4.17 3.68
K,O0 0.96 3.55 4.63 2.72 S.13 2.98 4.37 5:45

2

P205 D10 0.04 0.10 0.15 0.11 0.12 0.10 0. 11

HZO+ 0.51 0.30 0.31 0.34 0.26 0.25 0.34

16,48 0.9 e DM 050  0.78 N.s0 0.3
Total 98.35 99.44 99.76 98.52 99.34 99.03 99.64  98.99

Rb 34 77 160 31 155 69 102 187
Ba 890 1440 375 894 462 1450 1240 270
Sr 377 128 58 262 63 304 236 39
Y 51 43 138 35 56 21 27 151
Zr 260 274 306 169 253 3§ ¢ 139 435
Cu 32 27 33 31 22

S 83 32 6 49 17 33 4 4
(il 270 96 70 114 101 360 10l 47
CIPW norm

Q 29.28 25.63 21.44 27.85 29.28 27.05 30.51
or 5.67 27.36 16.07 30.32 17.61 25,83 31.03
ab 45.70 40.28 47.13 33.85 38.08 35.29 31.14
an 10.14 2.04 6.53 0.47 5.30 629 2.41
ac

ns

di 0.04
hy 4.39 1.64 4.13 2.44 4.10 315 0.36
he 0.67
mt 0.01 0.86 0.46 0.59 0.54 0.80 589
11 0.76 0.47 0.55 0.55 0.59 0.53 0.68
ap 0.23 0.23 0.35 0.25 0.28 0.23 0.25
cc 0.45 0.23 0.64 0.91 0.77

e 1.20 0.72 0.91 1.76 2.22 0.19

1 inclusive H2D+
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TABLE 1 continued

Sample
nr. 32034
Coordin. 76554/
93540
5102 72:19
TiO2 0.24
A1203 13.94
Fe203 0.42
FeO 1415
MnO 0.07
MgO Q:17
Ca0 0.57
Na20 3.23
xzo 6.38
P205 Q<1
H20+ 0331

l.0.i.1 0.38
Total 99.45

Rb 191
Ba 403
Sr 51
X 121
Zr 398
Cu 2.5
S 68
cl 69
CIPW norm

Q 2 1ai3
or 37.70
ab 27.33
an b
ac

ns

di

hy 1.92
he

mt 0: 61
% 0.46
ap 025
ce

C 0.95

32046 35130
83790/ 89220/
91115 93240
74.70 67.34
0.22 0.41
11.56 16.49
1.08 0.86
127 1273
0.09 0.12
0.15 0.89
0.35 2.26
3.97 5.72
5:12 2:.92
0.08 0.18
0.33 0.30
0.66 0.52
99.30 99.44
154 79
110 1010
12.0 422
136 46
451 204
25
17 10
41 124
31.52 16.91
30.26 17.26
30.96 48.40
8.65
2.32
2.28 4.23
0.40 1.25
0.42 0.78
0.19 0.42
0.44 0.50
0.75

35133
90350/
82200
1549
0.16
32521

0.72
0.03
019
B-72
3.01
5.53
0.04

0.36
98.40

153
446
102
56
70
3.
S5
98

34.59
32.68
25.47

331

35144
82510/
98040
75.63
8:19
11.52
1.01
0.83
0.09
0Ll
0.35
2.87
5.51
0.03

0.29
98.43

204
111
16.
1l
381

1
62

36.77
32.56
24.29

1.54

1.46
0.36
0.07

35145
87230/
90020
67.85
0.54
16.57
2.01
1.00
0-17
0.38
0.82
4.58
6.40
0.14
0.55
0.55
100.01

104
480
8 48
67
484

36
53

14.59
37.82
38.76

3.15

2237

1.46
1.03
0.32

35147
87430/
90690
72.14
0231
13.30
0.88
1.80
0.13
0.10

3.92
5.47
0.09
0.28
1.20
99.34

202
448

32
158
451

16
95

27.20
32.33
33.17

35148
90350/
82200
66.84
071
14.81
1.56
2:10
0,32
0.90
2.01
3.77
5.22
01y

0.65
98.88

146
1520
235
54
402
28
187
174

19.22
30.85
31.90

8.07

2.26
1.35
0.44
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TABLE 1 continued

35151 35158 35160 35173 35175 35176 35189 35190

+90350/° 80350/ 90350/ 791007 -79020/ -79310/ 176630/ 76555/
82200 82200 82200 93890 93960 94735 93715 93555

64.89 §5.39 75.47 71.64 75.28 76.02 J5:13 78.40

0.80 Q.51 0.15 0.36 0.15 0.14 0.16 0319

14.67 16.57 12.18 12.47 11462 12.09 11.99 9.27

1.70 1.15 1.45 0.75 0.67 1.31 0.67

FeO 2.78 1.88 0.93 1.70 0.96 1.02 0.83 1.76
MnO isdh 0.03 0.16 0.08 0.08 0.08 0.54
MgO 1.36 0.87 0.21 0.20 0.13 0.15
Ca0O 2.61 2.84 0.50 0.78 0.41 0.42 0.36 0.54
2O 3.94 4.65 2.76 3.87 3.63 355 3.7 1.02
K,O 4.66 3.61 5.86 5.42 512 5.06 5.26 5.43

2

P205 0.22 013 0.04 0.05 0.02 0.04 0.05 0.08

H20+ 0.24 032 0.39

1.0.4.1 0.73 873 0.38 0.53 0.39 0.47 0.57 0.71
Total 98.51 98.32 98.46 98.63 98.54 99,56 99.51 98.76

Rb 134 92 134 179 247 243 141
Ba 1480 1810 668 265 24 22 : 302
Sr 267 440 152 30 4.8 3«9 34
Y 56 2 34 172 213 195 341
Zr 370 281 89 447 501 390 601
Cu 33 41 32.1

S 240 100 5 14 24 13 92
Cl 188 216 54 96 40 48 41

CIPW norm

Q 16.56
27.54
33.34
8.58

33.33 49.87
31.09 32.09
31:39 8.63

0E3

2.41
4.86

2.46
1.52
0.51
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TABLE 1 continued

Sample
nr. 35197
Coordin.86755/
90270
5102 TLTS
TiO2 0.29
Alzo3 14.99
Fe203 0.44
FeO 0.94
MnO 0.15
MgO 0.20
Ca0 0.61
Nazo 4.69
KZO 52l
PZOS 0.09
Hzo+ 0.41
l.o.i.l
Total 99.77
Rb 101
Ba 467
Sr 59
¥ 91
Zr 338
Cu
S 23
Cl 58
CIPW norm
Q 2357
or 30.79
ab 39.69
an 0.29
ac
ns
di
hy 1.66
he
mt 0.64
21 0.55
ap 0.21
e 0.77
& 1<53

1.

35202
87270/
93100
59.51
0.54
14.64
1.3Y
1.62
0.11
0.65
1.44
3.69
5.59
0.18
0.36
0.50
99.58

176
1180
179
74
319
24
61
62

22.86
33.04
31.23

5.08

35203
87040/
93195
70.61
0.47
14.53
0.83
1550
0.10
0.55
135
3.62
5.53
0.19
0.97

100.25

158
1100
173
62
281

15.7

36
78

24.54
32.68
30.63

5.46

35206
86950/
93200
70.24
0.39
14.65
0.77
1.01
0.14
0.45
1.18
4.11
4.84
0.06

0.47
98.31

126
1410
255
46
261
22
16
68

24.40
28.60
34.78

5.46

1.96

1.12
0.74
0.14

35207
86955/
93260
72.07
0.32
13,92
1.45
0.14
0.17
0.24
0.50
4.05
5.07
0.05

0.24
98.22

140
1410
113
36
274
18.

36

27.82
29.96
34.27

2.15

0.60
1.40
0.08
0.61
0.12

0.98

35212
87445/
95660
74.76
0.25
12.15
0.93
1.47
0.14
0.12
0.50
3.61
5.20
0.06
0.43
0.59
99.78

231
77
8.3
174
409

30
69

32.40
30.73
30.55

1.08

2.08

1.35
0.47
0.14
0.36
0.19

35216
87300/
96450
74.80
0.24
12.06
1:22
115
0.11
0.16
0.34
3.57
5.27
0.07
0.28
0.41
99.40

186
119
12.6
145
400

3
43

33.03
31.14
30.21

0.41

1.31

1.7
0.46
0.16
0.30
0.33

35221
82445/
98065
70.59
0.41
15.02
0.68
8 S ]
0.13
1.36
2.81
3.52
2:35
012
0.73
1.0T
99.31

94
744
557

58
270

23

42

33.53
13.89
29.179
11539

4.80

0.99
0.78
0.28
0.64
2.51
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TABLE 1 continued

Sample
nr. 35223
Coordin. 76565/
83575
SiO2 71.78
Tio2 0.01
A1203 15595
Fe203
FeO 0.52
MnO 0.03
Mgo 0.05
Ca0o .20
Na20 5.30
K20 433
P205 0.03
H, 0t 0.24
qincdd Si0u73
Total 99.93
Rb 97
Ba 383
Sr 85
Y 22
Zr 50
Cu il
S 11
L & 124
CIPW norm
Q 2270
or 25.59
ab 44.85
an 2.66
ac
ns
di
hy 1312
he
mt
il 0.02
ap 0.07
ec g i
c snil




J.R. MORTHORST, H.P. ZECK, P.H. LUNDEGARDH

TABLE 2. Strike measurements on (sub-)vertical joint planes at (
11 Hyperite localities (Figs. 3 and 7-14)

(1) Bratt&shdjden: 4x65°, 105°, 132°, 2x135°, 6x155°, 5x172°

(2) Trafors: 22 3%66° 7x160°0 21720, 2x1740 170, 178,

(3) Haghdjden: 4%105°,; 1062, 1132, 3x160°, 176"

(4) Hdgeberg: 0259 g0 02, w30 380 anP aeRans gt il (

48°% 602, 63°, 1562, 1622 ox172°, 27l

(5) Olme: 60°, 178°°960°, 1687, 2x174%

(6) Nore: 1602, 170%, 1722

(7) Sidstad: sP. 337, 447, 522, 55°. 1" aan® =10, 115

(8) Gasldsa: 192955 S Gy

(9) Skanum: gR6s", 07, 12, 1Y iy’
(10) T&llerud: 4x8°, 12°, 52° |
(11) Vastkdrr: 3902, 62 82 130 937 360”4 igEe

Distribution of all 117 measurements (see the rose diagram of Fig. 18)

Interval Number of measurements
012 =900 19
2i% = a0 5
a1 "0 10
61 = B0 14
812 - 100°
101°2 - 120°
T21d= 140
1419 — 150" 19
o (o]

161 — 180 39



THE PROTEROZOIC HYPERITES IN VARMLAND

TABLE 3. Range of mineralogical composition in Hyperite
rocks. Based on estimated compositions of 12
gabbroic rocks, 16 hornblende metagabbros and
16 amphibolites

Gabbroic Hornblende Amphibolite
rock metagabbro

Olivine 0-20 - -

Ca-rich pyroxene 10-40 0-10 =

Ca-poor pyroxene 0- 5 - -

Plagioclase 35-80 20-65 14-60
Magnetite 2- 5 1-10 0- 2
Ilmenite 0- 1 0-1 -

Hornblende 1-10 8-55 20-67
K-feldspar 0-1 - -

Biotite 1-10 1-15 1-20
Apatite 0- 2 0- 1 0- 1
Quartz 0-1 1-15 1-15
Garnet 0-10 1-10 0- 8
Rutile O0- 1 Oo-1 -

Pyrite 0- 1 0- 1 0- 1
Epidote - 0- 1 0- 7
Titanite - 0- 2 0- 3
Zircon O0- 1 0-1 0-1
Scapolite - 0- 2 0- 1
Saussurite - 0- 1 0- 1
Sericite 0- 1 0-1 0- 1
Chlorite O0- 1 0-1 0- 8
Calcite 0- 1 0- 1 0- 2



Sample
nr

A1203
Fe203
FeO
MnO
MgO
Ca0
Na,O

2

KZO

on2
H,0
1

3 A N

Total

Q
or
ab

15.50

CIPW norm

amphibolites

31702
1

Coordin.87725/

93305

48.00
1.20

2.51
9.75
0.24
6.79
8.26
2.67
1.98
0.18
1.10
2.56

99.64

64
832

175
29

64
74
24
146
46
920

11.70
22.59
24.46

5.03
15512
9.98
3.64
2.28
0.42
3.32

1 inclusive H O+

2

87723/
93305
48.
1.
15.73
.40
.68
.22
.63
.74
.94
.24
15
.03
«29

2

NFO N OO e

e}
o

7.33
24.88
26.

6.
5.

31714

18
24

.44

06

88
79

8.43

3.
2.
0.
2.

48
36
35
87

3

87720/ 87600/

93275

48.46
1.41
15.53

2.89
10.01

0.21
6.99
8.85
2.96
0.92
0.17
0.96
1.66

100.06

122

5.44
25.05
26.37

9.86
15.08
8.45
4.19
2.68
0.39
1.59

31724

4

90125

48.97
1.65
15.49
2.62
10.24
0.21
5.64
153
2.99
1.46
0.31
1.00
2.16

99.27

40
622

6.

242
38

4.

150
82
57

161

400

930

31749

31751
5

87602/
90125

48.63
1.89
15.08
3,79
10.01
0.21
5.65
7.6%
2.5
1.81
0.36

1.77

99.40

51
798

4 7.4
235

8.63 10.70
25.30 21.24

24.53

2.87
25.87
0.78
3.80
313
0.72
2.64

24.54

9.28
21.81
0.15
5.50
3.59
0.83

49.24

21.10

6

88960/
93950

31765
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31767

88965/
93950

115

2.09
5.70
0.14
2,79
9.44
4.26
1.43
0.20
0.78
1.53

99.07

34
766

13
3n

17.5

95
36
39
91
1
600

8.45
32.51
34.23

1.91

5.43

8.37
3.03
2.18
0.46
B IRty 4 §

16

- W 0 & O ONn

99.

48.
ds

.41
71
.39
«23
-39
.09
+19
.44
0.
0.
1.

28
L

34
62
64

22

33

589
6.2
258

40

4.2
187

52
37

143
139

1260

8.51
26.99
26.21

4.
s
3.
3.
3

39
80
33
83
74

0.79

2.

32

TABLE 4. Chemical and normative composition of Hyperites in the Dlme area:
(nr.1-22), hornblende meta-gabbros (nr.23-48) and gabbroic
rocks (nr.49-74). Coordinates refer to the Swedish national grid, topo-
graphic map 10 D Karlstad NO. Major elements in weight per cent, trace
elements in ppm. Major element analyses by Geological Survey of Green-
land; trace element by the authors (JRM)

31776

8

87600/

90105

47.60
1.55
15.15
2.76
9.31
0.37
5.00
S.12
3.41
4.35
0.41
1.36
4.56

99.59

305
362

16
101
100

4.

135
70

319
59
430

2572
28.09
11.09

0.41

18.72
4.00
2.94
0.95
4.18
0.77
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TABLE 4 continued

Sample
nr. 31778
9

Coordin.87601/

90105
SiO2 48.60
TiO2 2:13
A1203 14.60
Fe203 4.20
FeO 10.03
MnO 0.24
MgO 5.00
cao 7.67
Nazo 2.86
KZO 1.67

0.39
PZOi
H20

1

l.0ad¢ as2
Total 99,21
Rb 49
Ba 695
Pb 10
Sr 199
4 46
Th 4.7
Zr 182
Ni 58
Cu 74
Zn 178
S 730
cl 1230
CIPW norm
Q 0.28
or 9.87
ab 24.20
an 22.07
ne
di 1,10
hy 18.84
ol
mt 6.09
. 5 4.05
ap 0.90
(o]}

31780

10

87615/
90105

47.60
1.85
15.38
3.38
9.99
0.25
5.60
7.43
3. 47
2.21
0.46
1.09
1.3L

99.53

93
562
16
189
53
4.
158
74
51
267
300
850

13.06
29.36
19.86

7.27
1.50
16.04
4.90
3.51
1.07
1.86

31797
11

89190/
94365

50.21
2.58
14.20
3.50
11.24
0.24
2.88
7.28
2.24
1.97
0.78
0.98
2.25
99.37

42
981
14
208
55
3.

271
30
69
202
690
1440

7.38
11.64
18.96
22.87

0.05
24.88

5.07
0.53
1.83
2.89

32001
12

89193/
94365

48.65
2.15
15.93
3.25
10.52
0.20
4.17
7.97
3.16
153
0.44
0.72
1.95
99.92

36
661
12
222
43
4.
214
49
87
180
370
950

0.48

26.74
24.76

3.45

« 71
.08
«02
.80

N s s

32007 32027
&3 14
89230/ 76586/
94730 93572
50.08 46.05
2.60 2.14
13.86 16.42
3. 78 3.08
11.36 10.35
0.25 0.20
3.53 6.72
Tkt 7.74
2.51 3.27
2.25 3.57
0.76 0.46
1.48 1.51
163 2.22
99.78 100.22

54 45
1060 547
9.3 6.0
199 246
56 34
4.9 2.9
270 120
31 115
57 39
207 141
720 570
1170 380
4.51
13.30 9.28
21.24 27.67
13591 25.49
8.37 4.45
18.52 0.81
19.80
5.42 4.47
4.94 4.06
1.76 1.07
0.34 1.61

32040

1

83
97

46

1.

L3

2.
10.

0
6
8
3
4
0
0

3
100

8
24
28

0.
5.

2
3
2.
0
2

5

935/
820

.06
56
.03
L3
59
.24
.96
.82
.00
.46
.26
.98

+96
.07

64
365
6.9
250
38
2.0
106
108
43
142
470
510

«63
.46
.69
50
91

.02
.09
96
.60
.23

35311
16

84920/
98000

46.43
1.85
16.73
3.02
10.51
0.20
6.99
7.90
2.13
1337
0.29

2.22
100.25

38
421
4.
221
33
3 e
115
107
65
142
400
540

8.10
23.10
49,35

6.53
6.09
16.29
4.38
3.51
0.67

93



Rb
Ba
Pb
Sr
Y

Th
Zr
Ni
Cu
Zn
S

ci

Q
or
ab
an
ne
di
hy
ol
mt
11
ap
ce
c

Sample

Sio

CIPW norm

TABLE 4 continued

nr. 35119
17
Coordin.88615/

95795
47.64

2
TiO2 2.00
A1203 14.45
Fezo3 3.37

10.95

5
Ca0o 7.57
Na,0 2553
K20 1.90
0

604

205
46

168
74
66

184

970

11.23
21.41
22.46

10.53
16.31
5.11
4.89
3.80
0.83

35125

18

88500/
97000

48.28
1.32
16.82
3.25
«95

« 15
.98
.82
215
.21

O N N O

1.77
99.30

24
488

4.

256
24

<

117
122

67
152
910

6.80
23.86

.85
«57
.90
«T1
<51
.49

O N OYUIOY

35132

19

83460/
98090

46.83
1,93
16.31
251
10.95

6.89
8.76
2.78
0.89
0.23

1.68
99.56

20
287

3.

230
32

2.

123
sl
68

149

1200
570

5.26
23.52
29.40

10.35
y
14.76
3.64
3.29
0.53

35146
20

87200/

90050
54.22
0.62
15.87
1.93
5.08
0.18
7.00
6.68
3.41
277
0.32
0.96
1.74
99.82

67
1210

8.8

763

4.6
4.8

115
135
96
95
34

16.37
28.86
19.82

5.08
22.03

2.80
1.18
0.74
1.77

35204
21

93185

48.35

1.01
16.67
2.10
8.94
0.20
7.89
9.26
2.81
0.53
0.16
0.97
1.92
99.84

241

256
22

64
90
109
103
94

3.13
23.78
31.31

6.20
18.75
8.21
3.04
1.92
0.37
2.16
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35213
22

'87125/ 87445/
95700

47.06

1.32

17.67

2.40
9.52

6.46
8.83
325
0.77
0.19

1.80
99.26

15.7 25
357 463
4.4 4.
263 242
28 26
1.4 3.
97 78
86 3
54 50
128 130
400 68

720

4.55
27.50
31335

9.22
0.69
12503
3.48
Tk
0.44

31713
23

93305

48.23

1523
15.88
2.27
9.56
0.22
6.78
8.83
3.10
1.05
0.15
0.87
1.89
99.19

740

6.21
26.23
26.32

8.28
12.36
10.64

3.29
2.34
0.35
2.32

87722/

31

2

87
93

48

1
x5

2
10
0
6

o o N Y

1

1

4
21
28

8
25

HFON WM

726

4

717/
275

.70
.41
.58
.74
.12
.20
.96
.08
.50
.84
.19
.74

345

330
29

95
71
7
138
110

.96
+16
.81

.28
<41

.97
.68
.44
o
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TABLE 4 continued

Sample
nr. 31741
25
Coordin.87647/
90017
sio 47.96
Ti02 1.88
15.58
A1203
Fe203 4.45
FeO 9.14
MnO 0.19
MgO 5.72
Ca0 7.56
NaZO 3.58
Kzo 1.44
PZOS 0.46
H O* 3531
RIS
1.0:1, 2.02
Total 99.98
Rb 41
Ba 499
Pb 11
Sr 195
¥ 41
Th 4.
2r 170
Ni 75
Ca 60
Zn 163
S 750
(54 8 140
CIPW norm
Q
or 8.51
ab 30.29
an 22.19
ne
di 6.41
hy 3071
ol 7.86
mt 6.45
il 357
ap 1,07
cc X561

Cc

31753

26

87609/
90125

49.69
2.01
14.66

2.86
10.98
0.25
4.85
8.23
2.36
152
0.37
0.75
.71
99.49

40
674
5.
4232
42
2.
i71
48
94
168
750
X758

3.74
8.98
19.97
24.92

6219
23.94

«15
.82
.86
.18

N O Wb

31769
27

88975/

93960

46.51
3.16
13.13%
3.82
12.56
0.24
4.94
8.40
2.84
1.46
0.28
0.84
> oy
100.07

36
585

6.

213
35

4
146
49
28
207
50
1670

0.11
8.63
24.03
18.71

T.55
23.67

5.54
6.00
0.65
4.34

31782
28

87620/

90105

47.74
1.95
15.34
3.81
10.28
0.22
5.80
7.56
2.87
2559
0.44
1.32
2.30
99.90

44
643
6
195
40

4.

169
9
51

171

490

270

9.40
24.29
24.28

3.43
2.08
2.64
5.52
3.70
1.02
2.23

31799

29
89192/
94365

49.98
1.25
21.69
1.85
6.39
0.15
2.70
9.50
3.44
1.20
0.3%
0.65
L<53
99.99

25
635
10
322
22
2.
104
38
37
102
104
870

0.44
7.09
29.11
39.54

15.14

2.68
2.37
0.72
2.00
0.24

32003

30
89195/
94365

48.92
2.11
15195
3.69
10.38
0.22
4.33
7.94
2.86
1.61
0.42
0.82
Xy
99592

38
689
9.
212
43
3.
210
b
77
181
490
620

0.55
9.51
25.05
25.48

6.30
20.58

5335
4.01
0.97
x.30

9

32009

31
89232/
94732

51.00
113
18.37
2.67
7.89
0.19
3.05
7.91
3.46
1.89
0.40
1.26
1.54
100.10

49
897
1l
312
37
4.0
194
2
61
139
500
820

0.84
b
29.28
29.01

4.88
14.94

3.87
3.29
0.93
0.64

32011

32
89235/
94732
48.99

2.00
16.74

2.87

9.99

0.19

4.17

771

3.56

1.82

0.39

0.79

1.76

100.19

46
846
12
244
37
5.

187
49
47
167
290
1630

10.76
30.13
24.32

.38
«10
.05
16
.80
+90
2.21

O Wi JH b

895
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TABLE 4 continued

Sample
nr. 32019 32021 32022 32029 32032 32038 | 3531158 35138
33 34 35 36 37 38 39 40

Coordin.76831/ 76835/ 76827/ 76595/ 176597/ 83950/ g3gg0, g3ges/
93508 = 93507 93507 93572 93570 97835 | g970ac’ g7m=p

810, ' 47.09 45.88 46.68  47.85 47.94 46.77  46.78 47.26
Ti0, 23200002 38 - p g g teE) D ong6 ST Bd 00y we Yy
BES0 516098 51 16,00 16,24 17580 17946 S16:07 » 17.62 . 1668
Eo O 453 33 2ud 37 o SR Dina S o agd moas LG Ty sy Tiieg
FeO 9:81 490,08 - <10%M9 1 0.76 907 11503 F10.20 5 1955
MnO Oi21 "0 2diy 0:09 0 1B T 0L1E e 03 .22
Mg0 ELg5c o 5iad B s66. 1401 0610 o5iig .16
cao Bos2- higoa0. gD VI0 8L e a9 .68
20 2:99 =l 01y g
K,0 1,020 0 060 116 0
P,0, 0:49  -0.50 = 0.40 252N 04608 0,98 & 1V0.33 .29

128 ae 06 L0l 63 inlion

2 2

8 9

Na

.74 1.28 <93 0.77 .87

3
7
.42 3.70 3.27 2.89 3.53 .70
)
0

Tio.id 149 1.86
Total: ! 99,50 199.32 '3

Hzo*
.24 1.97 1.51 .09 1.44
<97 =199.97  99.80° 99.67 99.93

Rb 23 60 29 53 37 37 8.7
Ba 460 442 519 584 605 355 309
Pb 2. 10 9. 4. 2. 2.9
Sr 280 372 293 280 227 317
b4 33 44 71 40 35 36 34
Th 1 2 4. 3 1.3 2.1
Zr 140 212 152 140 125 134
Ni 75 73 72 46 45 68 53
Cu 46 51 54 68 55 71 40
Zn 141 159 140 135 158 135
S 990 1720 1000 720 430
Ccl 52 500 370 340 65 480

CIPW norm

Q 0.17
or 6.03 7.56 5.50 4.55 5.14
25.30 27.67 24.46 2775 22.85
29.90 29.18 2813 29.96 30.83

.15
7.56 . 3.41 5.58 11537 8.49
12.45 . 1T=91 15.02 5.84
6.40 . 9.56 15.14 5.33
4.83 . 4.96 4.18 3.64 521
4.41 . 5.24 3.49 4.20 3.48
1.14 . 1.07 0.65 0.76 0.67
2.00 1.84
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TABLE 4 continued

Sample
nr. 35129
41
Coordin.89500/
96075
5102 5031
Tio, 1.05
21.81
A1203 :
F «36
&3
FeO 5.325
MnO
MgO 2.65
CaO 9.64
NaZO 3.72
KZO 1.40
PZO2 0.18
H20
i s P
Total 99.09
Rb 28
Ba 598
Pb 3.1
Sr 372
Y 15.4
Th 8
2r 92
Ni 35
Cu 47
Zn 84
S 173
o 500
CIPW norm
Q
or 8.27
ab 31.48
an 38.68
ne
di 6.58
hy 2.33
ol 537
mt 2.84
il 1.99
ap 0.42
cc

35162

42
90350/
82200

47.75
0.86
15.87
2.83
7.08

8.50
10.02
2,82
117
0.26

2.22
99.37

33
640
4.
475
j
2w
56
135
112
97
910
510

6.91
23.73
27,19

0.07
16.80

16.12
4.10
1.63
0.60

U w

35168
43
78525/
95960
51.16
199
15.46
1.89
7.52

5.75
10.38
2.72
0.69
B.33

1.50
99.37

16.
265

251
48

139
92
35
87

780

310

3.35
4.08
23.02
27.94

17.44
14.77

2.74
3.78
0.76

7

35183

44

78150/
94050

49.31
1.36
16.98
el
10.03
0.17
7.15
8.18
2.86
1.02
0.29

1.40
100.15

21
454
3.
252
23
3.
109
120
55
126
1040
400

6.03
24.20
30.48

6.76
15.50
10.49

2.04

2.58

0.67

35191
45

76515/
93560

46.99
2.32
16.58
3.28
9.90

5.29
7.95
3.18
1.47
0.41

2.10
99.47

36
720
4.
346
28
2.
124
69
68
139
1750
410

26.91
26.63

5.60
11.08
4.76
4.41
0.95

35198
46

86755/
90270

48.62
2.53
13.92
4.15
11.28
0.26
4.20
7.66
2.96
1.75
0.53
0.97
2.17
100.03

40
677
8.
201
5 8
6.
226
35
75
196
1340
400

2.21
10.34
25.05
19.53

6.20
20.95

6.02
4.81
hi23
2.73

35200
47

87165/

93970

47.36
1.43
17557
3:27
9.17
0.20
6.80
8.37
2.88
0.97
0.33
0.79
192
100.17

22
422

4.

275
25
2
129
132
52
149
890
910

S 13
24.37
32315

0.06
19.05
7.37%
4.60
2.72
0.76
2.57

35214
48

87495/
95700

50.35
1.66
15.16

2.40
8.44

5.49
9.54
2.85
1.06
0.24

2.02
95.21

23
462

220
38

142
66
83

127

200

850

1.25
6.26
24.12
25.44

16.68
16.25

3.48
3.15
0.56

97
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TABLE 4 contin
Sample
nr. 31715
49
Coordin.87720/
93305
SiOz 48.27
TiO2 1:24
A1203 15563
Fe203 1.68
FeO 10.69
MnO 0.21
Mgo 7.15
Cao 9.01
Nazo 2579
K,0 0.78
P20 D=12
H,0 0.69
o Gl
Total 99.18
Rb 17
Ba 330
Pb
Sr 228
Y 29
Th
Zr 87
Ni 82
Cu 67
Zn 122
S 440
3 360
CIPW norm
Q
or 4.61
ab 23.61
an 27.82
ne
di 8.48
hy 17.38
ol 9.42
mt 2.44
11 2.36
ap 0.28
ce 2.09

C

J.R. MORTHORST, H.P. ZECK, P.H. LUNDEGARDH

ued

31728
50

87715/
93275

48.70
1.43
15.61
2.34
10.53
0.21
6.99
8.99
2.71
0.82
0.25
1.01
1.36
99.94

2 102
338
4.
1330
28
2.

94
74
67
134
1100
151

4.85
23:.93
28.01

10.51
18.24
6.91
3.39
2+12
0.58
0.80

31742
51

87650/
90020

48.44
1.86
15.73
2.97
10.51
0.21
5.68
8.20
2.86
1.28
0.46
0.59
1,57
99.77

31
573
6.
204
38
3.
168
82
49
166
640
310

7.56
24.20
26.30

4.29
24.32
1.38
4.31
353
1.07
2.23

31755
52

87613/
90125

48.57
2.16
14.56
2.71
12.15
0.24
S5.12
8.62
2.81
1.30
0.37
0.47
1.41
100.02

31
516
5
217
40
3.
158
62
112
166
1430
161

7.68
23.78
23.28

9.30
22.88
1561
3393
4.10
0.86
2.14

0

1

3771 31784
53 54
88990/ 87622/
93950 90105
48.31 48.07
2.79 1.83
14.58 15.16
3.25 3.34
11.38 11.07
0.22 0.21
4.39 6.48
8.62 7.96
3.03 2.68
1.34 3.19
0.28 0.42
0.80 0.52
1.75 1.54
99.94 99.95
34 29
553 554
6.3 6.
234 197
40 37
2.4 2
168 154
44 89
53 74
176 179
920 1230
840 370
0.29
7.92 1.03
25.64 22.68
22.23 25.82
10.60 3.170
19.65 26.77
1.82
4.71 4.84
5.30 3.48
0.65 0.97
2.16 2,32

32013
55

89350/

94650

49.40
1.04
19.30
1.81
8.61
0.15
5.73
8.45
3.27
1.02
0.19
0.46
1.26
100.23

23
439

2.

263
21

2.

98
92
56
97
450
139

6.03
27.67
34.97

0.54
14.91
8.80
2.62
1.98
0.44
1.82

R

030

56
76595/

93

48.

iy
PO O M W~ O W W o

100

6
30
30

B2

74
.84
+33
.03
.14
19
.94
.64
.66
+17
.41
.46
.02
29 i 3

.91
.97
.13

1.28

%
8
4
3
0
i1 ¢

+83
.41
+39
.49
»95
e 4
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TABLE 4 continued

Sample
nr. 32042
57
84000/
97860
SiO2 49.04
Tio2 1+78
A1203 ;B )
Fe203 2.46
FeO 9.83
MnO 0.22
MgO 6.03
CaOo 9.27
Na20 3.00
KZO 0.78
PZOS 022
H Ot 0.37
PP
1.,0.4%. 0.99
Total 99.19
Rb 16.
Ba 341
Pb
Sr 258
4 56
Th
2r 143
Ni 65
Cu 87
Zn
s 1660
cl 9
CIPW norm
Q
or 4.61
ab 25339
an 26.72
ne
di 11.48
hy 18.80
ol 297
mt 357
31 3.38
ap 0.51
oo 1.41

32044 PN
58 59
83930/ 84170/
97880 97950
50.19 47.96
2.07 1.22
14.22 16.66
2.27 1.87
11.41 10.26
0.24 0.18
5.46 8.44
8.46 8.85
2.78 2.38
1.38 0.66
0.29 0.22

0.45
0.84 0.91
99.61 99.62
37 14.0
567 284
3. 1.7
212 230
41 2
3. 2.2
L7% 86
53 167
44 73
152 312
930 1370
149 118
0.34
8.16 3.90
23.52 20.14
22.25 32.83
12.79 7.90
23.33 16.52
11.87
3529 2:7%
3+93 2.32
0.67 0.51
0.89

35112
60

84860/
98000

47

"

16

1.
11.
0.
7.
8.

2
0
0

0
99

1

4
22
32

8
11
13

2

3

0

.40
71
.84
78
16
19
23
99
.62
.70
.28

.98
.99

14.

320

1s

240
29
2
112
119
62
130
540
95

.14
«17
.12

«79
*3d
.90
.58
.25
.65

35113
61
83800/
97915
49.85
2.52
14.00
3.27
11.00
0.20
4.90
8.71
2,75
1.24
0.33

0.94
99.70

1 28
494

0 2.

205
38

.4 4.

165
57
82

155

2030

159

1.90
1+33
2327
22.20

15.67
18.12

.74
.79
.76

=R

35114
62
83760/
97955
49.96
1493
14.84
2.92
10.45
0.20
5:83
82517
2.55
X119
0.32

1.02
99.78

28
510

2.
207

34

3

152
70
61

150

1520

250

1-28
7.03
21.58
25553

1231
22.39%

4.23
3.67
0.74

35118
63
88620/
95795
48.96
2.16
14.94
2.2
12.56
DL 2t
5.64
8.14
2.69
L.31
0.43

0.90
100.06

29

7.74
22,176
24.82

10.64
19.74
5.28
3.07
4.10
1.00

35124
64
88500/
97000
48.16
122
17.18
3.23
8.1
0.16
7.27
8.07
2.87
0.92
0.25

1.60

100.04

19.

420

4.

262
21

4.

102
144

58
134

1140
450

5.44
24.29
31.28

5.82
14.42
9.62
4.68
2.32
0+58

99
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TABLE 4 continued

Sample
nr. 35128 3SE3L 35163 35167 35184 35192 35199 35201

65 66 67 68 69 70 71 72

Coordin.89500/ g3425/ 90350/ 78525/ 78150/ 76512/ 86755/ 87170/
96075 98130 82200 95960 94050 93560 90270 23975

50.52 46.98 49.22 49.57 50.25 47.93 48.79 47.50

1:13 1.82 0.96 1.83 1.54 2.26 2.20 1.2%

21.37 16.53 16.36 15:73 17.37 17.76 15.83 17.29

1.85 2.51 2.29 2.16 1.18 3.53 3.50 1.92

5.71 11.01 7.3 9.56 9.16 9.12 10.55 10.47

0.19 0.18 0517 0.15 0.17 0.22 0.20

2.82 6.59 7.88 6.36 5.91 4.66 4.92 7.54

9.18 8.94 10.49 9.14 8.39 8.91 9.02 8.31

o 3.41 e 2,52 2.80 3.04 3.30 2.75 2.59
K,0 1.37 0.70 0.71 1.07 1.20 0.96 121 0.96
e 0.22 0.29 0.33 0.33 0.31 0.48 0.37 0.31

23

H20+ 0.49 0.94

TSos1 L7152 .35 1.16 1.02 1112 0.72 1.09 1.75
Total 99.09 99.66 99.88 99.74- " 99.63 99.80  100.45 100.1i1

Rb 33 3 l4. 24 27 20 27 18.
Ba 510 314 518 406 508 471 508 429
Pb 3.1 0. & 4. 3.2 0.7 4. 3.
Sr 358 235 506 220 260 369 224 273
¥ 21 31 12, 37 32 31 35 22
Th 1.6 2. - 4 3. 3. 1.0 3.6 2
Zr 102 122 64 153 141 128 146 107
Ni 33 90 115 107 78 64 63 149
Cu 51 64 sy 63 50 49 89 53
Zn 84 137 90 123 117 125 164 134
S 430 1620 2000 1430 1130 2190 1300 1070
C1 400 120 101 163 210 64 125 178

CIPW norm

Q 0.07 0.58
or 8.10 4.14 . 5.67 115
28.86 23.27 . 27.92 23.27
an 38.96 30.69 . 30.81 27.28
ne
di 4.26 9.72 . 8.46 9.34
12.00 10.57 . 9.73 20.87
ol 12.16 5.96
mt 2.68 3.64 5.12 5.07
il 2:15 3.46 4.29 4.18
ap 0.51 0.67 1:11 0.86
cc 1.36
o
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TABLE 4 continued

Sample
nr. 35205
73
Coordin.87040/
93195
SiO2 48.88
TiO2 0.99
A1203 16.94
Fe203 2,67
FeO 10.05
MnO 0. 21
MgO 7.97
Ca0o 9.47
Na20 v AR
KZO 0.60
P20§ 0.20
HZO 0.43
l.0.i.l o0.91
Total 100.50
Rb 115
Ba 292
Pb 0.9
Sr 235
4 22
Th 2.3
Zr 63
Ni 91
Cu 92
Zn 100
S 1510
152 § 74
CIPW norm
Q
or 3.55
ab 22.09
an 32.74
ne
di 8.14
hy 16.85
ol 10.86
mt 2.42
il 1.88
ap 0.46
cc 1.09

c

35215
74

87497/

95700

50.37
1.59
15.41
2.24
10.24
0.19
6.02
8.52
2.82
1.01
0.26

1.24
99.91

25
397

2o

214
34

2
118
82
74
134
1600
300

5.97
23.86
26.41

11.71
23.78
0.07
3.25
3.02
0.60
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Inclusive Hzo
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hornblende

gabbroic rocks metagabbros

x s x s
Sio2 (%) 48.85 0.96 48.30 1.46
Tio2 iy ¢ 0.49 =93 0.55
A1203 16.30 1.66 16.58 1.93
Fe203 2.46 0.66 a7 0.79
FeO 10.13 1.41 9.43 3458
FeO*® 12.34 163 12200 201
MnO 0.20 0.02 D.21 0.04
Mgd 6.08 1.28 5.23 1.8
Cao 8.73 0.57 8.51 0.80
Na20 2.85 0.29 P 0.41
K2O 1.03 8.25 1.28 <35
P205 0.3) 0.09 0.36 g1l
H20+ 0.59 0.21 0.97 0.26

1
Anodis 143 0.30 1.82 0337
Rb ppm 27 i 36 15
Ba 449 95 541 165
Pb 343 1.8 6.0
Sr 297 221 316 217
4 31 9.1 35 12
Th 2.9 055 32

2r 27 34 143 42
Ni 85 32 68 28
Cu 68 19 60 19
Zn 135 27 143 31
S 1280 470 770 480
Cl 220 170 540 400

TABLE 5. Average chemical composition of the rock types within the
Hyperite bodies: gabbroic rocks, hornblende meta-gabbros and
amphibolites. x: mean; s: standard deviation. The composition
of the individual samples are given in Table 4

amphibolites
X s

48.34 112
1.68 0.50
16.00 1.49
2.89 0.62
913 355
12.33 it 3 6
0. 22 0.05
5.76 1.44
795 0.95
2.99 0.43
1.67 0.80
0.34 B.17
1.04 0.25
2.07 0.63
59 61
603 257

8 4.2
303 259

38 18.6

3.7 el
140 58
78 29
61 21
163 53
450 350
800 340
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Results of the statistical tests (Haber & Runyon, 1973,
two-tailed tests),

in fixed pair diagrams, X/MgO - X/MgO, (Figs. 42, 43),
t-test and Wilcoxon matched-pairs signed-rank test,

in X/Mg0 - FeO*MgO diagrams (Figs. 44, 45), t-test.

-3 not significant, a> 0.10; x: less significant,

0.10 >o> 0.05; xx: significant, 0.05 >a> 0.01;

xxx: strongly significant, a< 0.01

(a) (b)
t-test rank t-test
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TABLE 7. The metasomatic effect of amphibolite facies metamorphism
of gabbroic rocks. Results of studies of Elliott (1973)
and Field & Elliott (1974) on Hyperites (?) from S Norway com-
pared with the results of the present study on Swedish
Hyperites from Varmland
no difference
- : amphibolitic rock depleted
——: amphibolitic rock enriched
Elliott (1973) This paper
Field & Elliott (1974)
sio, (e——
TiO2
A1,0, ( )
Fe,0,/Fe0 —_ —_—
*
FeO
MO (iien)
MgO
Ca0o -
Na20 Y
KZO e —
P205 —l
HZO —_— e
Rb —_— —_—
Ba (—)
Pb _
Sr
x
Th ——lp
Zr f—s)
Ni
Cu
Zn o (i)
S — b e
el sh————) i
Fig. 1. Geological map of the Olme area, SW Sweden. Surveyed by J.R. Morthorst in the period
1975—1977.
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