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The Husfiord area of Serey is underlain by a plutonic complex which has been emplaced
inte Vendian to Cambrian mersediments during the Finnmarkian phase of the
Caledonian arogeny.

The metasedimencary envelope of the complex consists mainly of a sequence of
psiImmites, pelites, semipelives, cale-silicare schists angd marbles, which have undergone
prolonged regional metamorphism and two principal episodes of defarmarion. The
regional meramorphic event commenced before the firse folding episode, reached i peak
in the almandine-amphibolite facies beeween the deformation épisodes, and waned
during the second period of folding. The various mermbers of the igneous complex were
emplaced synchronously with these metamorphic and eecronic events, and thermal
metamorphic effeces produced by some members have been superimposed upon those
of the regronal metamorphism.

The earliest intrusion, the Husfjord meragabbro, was emplaced rowirds the end of the
first deformarion cpisode, and has been affected by the highest grades of regional
metamorphism. A suiee of diorices, monzonices and quarte-syenites was emplaced during
the second deformation episoce; and these have only suffered low-grade regional
metamorphism. The Husfiord metagabbro and the diorice — monzoniee — quirtz-syenite
complex were emplaced essendally by a mechanism of permissive incrusion. The larest
members of the ignecus complex were the Vuena gabbro and a number of minor
intrusions. including perchosite sheers, basic dykes, and nepheline-svenite-pegmarires,
The gabbros are chought to have had their genesis i a long-lived manele diapir in the
asthenosphere above a subducrion zone dipping eastwards beneath the Balric plare. The
diarice — monzonite — quartz-syenice suice developed from a dicntc magma which was
penerated deep in the cruse by the fusion of pelitic macerial by the hear of metamorphism
and the mantle diapir. Metamorphic mineral parageneses in pelitic hornfelses indicare
that the development of che Husfiord plutonic comples ook place ar depehs greater than
20 km.

Do L. Speedyman, Department of Gealopy, Unseersity of Briveol, Queen's Buslding, Brirral
B33 ITR, Eugland

Introduction

Sorey is an island off the coast of West Finnmark, near the town of Hammerfest
(Fig. 1). The Husfjord area, in the southeast of Serwy, comprises a plutonic
complex, mainly gabbros and diorites, whose emplacement and subsequent
deformation and metamorphism are associated with evenes of the Caledonian
DIOZEeny.

The Husfjord igneous complex has been intruded into Vendian (Eocambrian)
to Cambrian merasediments which constitute the major part of Serey and which
have been described by Ramsay & Sturt (1963), Appleyard (1965), Roberts
(1968a, 1968b), Holland & Sturt (1970) and Ramsay (197 la). The metase-
diments are part of a regionally extensive stratigraphic succession and occur within
the Kalak Nappe Complex of the northern Norwegian Caledonides (Sturr e al.
1975, Ramsay & Sture 1977, Binns 1978, Seturt et al. 1978, Roberts & Sture
1980). The geology of neighbouring parts of West Finnmark has been described
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by Holtedahl (1918), Holmsen er al. (1957), Strand (19600, Ball et al. (1963),
Reiean (1963) and Hooper & Gronow (1970), and a discussion of the Caledonian
nappe sequence and the timing of orogenic deformation and metamorphism of
Finnmark has been gived by Swurt er al. (1975, 1978). Norges Geologiske
Undersakelse has produced a geological map (Roberts 1974) and an aetomagnetic
map (N.G.U. 1971), both on the scale 1:250 000, and Brooks (1970) has made
a gravity survey of West Finnmark, Ramsay (1973) indicared a possible plare
tectonic secting for the region.

A number of igneous bodies have been emplaced into the metasediments of
Seray (Fig. 1). The Storelv gabbro has been described by Sture & Taylor (1972)
and Stumpfl & Sture (1963), and the latter authors made a muneralogical and
geochemical comparison with the Breivikbomn gabbro. Aspects of the Hasvik
gabbro have been studied by Sturt (1969), Gardner (1972) and Robins & Gardner
(1974). Near Breivikboen is an alkaline complex which has been described by Sturr
& Ramsay (1965). The igneous rocks of Sarey form the northern-most part of the
Seiland petrographic province; most of the rocks in this province are basic or
ultrabasic, and some exhibit layering. Accounts of various parts of the province
have been given by Strand (1952), Barch (1953, 1961), Krauskopf (1954),
Oosterom (1954, 1956, 1963), Heier (1961, 1964, 1963), Ball et al. (1963),
Hooper (197 1), Robins (1972, 1973, 1974, 1973), Bennett (1974), Gardner &
Robins (1974), Robins & Gardner (1974, 1975), Robins & Takla (1979). Robins
& Tysseland (1979) and Seurc et al. (19800,
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Fig. 2. Comparative measedimentary successions of Saray, | Ramsay & Stuet 1963, Ramsay 197 1a,
Ramsay & Souer 19732, 2. Roberrs 1968a. 3, Speedyman, this paper.

The present paper is an account of the plutonic complex in the Husfjord area
of Seray, and its material has been derived from a Ph. D thesis presented ac the
University of London (Speedyman 1968). Mapping was done using aerial
photographs on a scale of 1:15,000.

I. The Country Rocks

A. Scratigraphy and Petrography
The Husfiord igneous complex is bounded by the sea in the southeast, but to the
northwest has an envelope of metasedimentary country rocks which have been
overturned by folding. The earliest intrusion is the Husfjord metagabbro, and its
intrusive contact is preserved along the northwestern margin of the complex, This
metagabbro is a discordane sheet-like body, its margin slightly transgressing the
stratigraphic succession of the country rocks (geological map, Plate I).
The generalized seratigraphic succession is as follows:

Youngest  phyllitic schises

calc-silicate schists with marbles

garnet-mica schises
CHdest psammites and semipelites (migmartized in part)

The succession in other parts of Serey and West Finnmark has been described
by Ball et al. (1963), Ramsay & Sturt (1963), Sturt & Ramsay (1965), Roberts
(1968a), Ramsay (197 1a), and Ramsay & Sturt (197 3a), and rthe succession in
the Husfjord area is similar. A probable correlation with some of these areas is
presented in Fig. 2.

The only fossils recorded in Sarey are archaeocyathids in impure limestones of
the Falkenes Marble Group, which are considered to be Lower to carly Middle
Cambrian in age (Holland & Sture 1970). This provides, for this region, a lower
age limit to the Caledonian orogeny, a protracted event puncruated by several
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phases of magmatic activity. The youngest igneous intrusion wichin the Jate-D.
Breivikbotn alkaline complex of west Serey is a syenite dyke, giving an upper
Rb/Sr age limit of 490 = 27 Ma (recalculated to A ¥Rb = 1.42 x 10"a") to the
orogeny (Sturt et al. 1978). This major orogenic phase, of late Cambrian to early
Ordovician age, is called the Finnmarkian,

The lowest members of the succession are fine-grained feldspathic psammites
and semipelires; the former are greyish-whire to buff with small reddish-brown
garnets, while the larcer contain abundant large garnes overgrowing and replacing
biotites. These rocks have undergone extensive migmatization along a broad bele
having its maximum intensity at the northern end of Kobbefjord,

Above these rocks are grey and rusty weathering, garet-mica schists, often
containing quarczose bands and streaks, probably due to metamorphic segregarion.
Small red garnets and retrogressive muscovire overprint kyanite, sillimanire and
early biotite. In the upper patt of the group are occasional cale-silicate schists
contaiming actinolite which occur as bands and lenses wichin the semipelites;
towards the top the psammites and semipelites are of less importance, and the
cale-silicare schists become more abundant, forming a gradarion into the averlying
group.

The overlying calc-silicare schists are mainly well-bedded and fine-grained, with
numerous pale greenish acunolive-rich bands. Interbedded with chese schises, near
the base of the group, are occasional diopside marbles which occur as long tectonic
lenses, each several tens of metres in length and abour ten metres in thickness,
clongared parallel to the general layering of the rocks.

The phylliric schists are light grey, well-banded, flaggy rocks, some feldsparhic
and slightly micaceous, while others are rich in biotite and poikiloblastic
MUSCOVILE

B. Tectonics

Serucrures belonging to two complex and protracred episodes of Finnmarkian
deformation are recognized in the metasediments. In the Husfjord area, the general
artitude of the merasedimentary layering s due principally to the second phase
of folding.

The first deformation episode (D) in Seroy is characterized by large-scale
recumbent folding in which movement was towards che east and sourheast
(Ramsay & Sture 1963, Roberts 1968a, Ramsay 197 1b), and the metasediments
in the Husfjord area all lie on one limb of a large D, fold. The earliese D, minar
folds are tight w 1soclinal, lying within the general metasedimentary layering, and
the axes of these folds are curved within their axial planes. A detailed analysis of
noncylindrical folds on Serey has been given by Ramsay & Sturt (1973a, 1973b).
These D, folds are refolded by later folds, and are cur by amphibolitized basic
sheers.

In the second major episode (D) folds of more open style were formed, and
these tend to have orthorhombic or monoclinic symmetry (Ramsay & Soure 1963).
They generally have axial rrends close to those of the D, scructures, and in the case
of the monoclinic folds the eastern- or southeastern-facing limbs are often slightly
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overturned, The metasediments of the Husfiord area lie within one of these steep,
overturned, southease-facing limbs. The D, folding had two main phases, and in
the Husfjord area there was considerable igneous acrivity during and afeer the
earliest D, movements, Lare D, folding was responsible for the present arcuate
form of the igneous complex and its envelope, and the latest D; deformation at
the end of the regional metamorphism was brircle.

The major structures of Saroy have been discussed by Sture & Ramsay (1963),
Roberes (1968a), Ramsay (197 1b) and Ramsay & Sturc (1973a), the Falkenes
Marble proving a useful marker horizon in elucidating the structure of the island.
Relics of the Falkenes Marble occur as trains of rafrs within the igneous complex
of Husfjord, where the stratigraphic succession youngs towards the southease, away
from the major D fold awmal rrace.

The emplacement of the Husfjord igneous complex spanned the period of time
between the waning stages of D and the latest phases of D, The complex has two
major plutons: the Husfjord metagabbro which was intruded discordantly along
the upper limb of a large recumbent isoclinal D, fold, and the Havnefjord diorite
which was emplaced into the steep overturned limb of a major D; fold which
refolded the D isocline and the Husfjord metagabbro (Fig. 3).

II. The Igneous Complex
A. Field Relationships

The Husfjord igneous complex comprises major plutonic intrasions, principally
gabbros and diorites, and a number of minor intrusions, including monzonites,
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quartz-syenites, basic dykes and perchosite sheets (Plate [). These bodies have been
emplaced at vanious times during the development of the Finnmarkian stage of
the Caledonian orogeny,

1. HUSFJORD METAGABBRCY

Facies of the metagabbra

The outcrop of the Husfjord metagabbro, the earliesr intrusion, runs in an are from
southwest to northeast (Plate I), but much of the central zone is now occupied by
later intrusions. The gabbro is a melagabbro which has undergone metamarphism
and is fairly uniform, alchough there are some slight variarions.

The typical gabbro is fine- to medium-grained bur is sporadically coarser-
grained, a primary feature of the gabbro. There is also a finer-grained facies which
sometimes has a poorly formed folation subparallel to the margin of the gabbrn,
This lareer facies is not near the conracr, but mainly in the ceneral par of the body,
particularly in a zone rich in later thin coarse-grained diorite sheets which have
been intruded into the metagabbro. This foliation is a fluxion texture, suggesting
that the gabbro was intruded synchronously wich slight tectonic movement
associated with the waning stages of Dy; the similar, contemporaneous Storelv
gabbro, to the north, also has a strong D, foliation (Sture & Taylor 1972). This
zone of finer-grained, slightly foliared gabbro provided structural weakness into
which the thin coarse-grained diorite sheets were later readily emplaced.

In the southwest the metagabbro is vanably contaminated by metasediment,
developing a gabbronoritc facies containing metasediment rafts. In places the
gabbro is extremely contaminated, forming xenolichic noriee, as seen to the north
uof Kobbefjord and on the Fella peninsula. In Kobbefjord, where the counery rocks
are migmatized psammites and semipelites, chis norinic facies, developed along
the marginal zone, is a fine-grained rock containing dark brown garners. It is
extremely xenolithic, inclusions varying from large rafts of migmatite several
metres long to small fragments of psammure.

The conrace berween the norite and the country rocks consises of a zone abour
a metre wide in which the rocks are a mixture of contaminated garnetiferous norice
and assimilated migmatite. Away from the contace the garners, which are abundant
in the neighbourhood of xenoliths in the marginal zone, diminish in both number
and size, and it is clear that the formation of garner was associated with the
assimilacion of aluminium-bearing semipelites by the gabbroic magma. Several
tearures of this xenclithic norite are similar to those of the contaminated norites
of Aberdeenshire (Read 1935, 1936, Read er al. 19635, Gribble 1967, Gribble
& O'Hara 1967), although there is an absence of cordierite and more garner in
the Husfjord rocks, presumably due to greater pressures. On the Fella peninsula
the garnetiferous norite 1s similar to that in Kobbefjord, but the rafts are mainly
of hornfelsed psammite, semipelite and calc-silicate schisc.

The Husfjord meragabbro contains sporadic lenses and layers of wroctolie,
ranging up to about 5 m in length, elongated parallel to the trend of the gabbro
sheet. Usually the lenses are solated and dispersed throughout the gabbro, but
there is one horizon on Husfjordnes in which there is a swarm of closely packed
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tectonic lenses of troctolite within a zone of D, shearing, Husfjordnes is the only
locality where continuous troctolite layers have been found, usually only a few
cencimeeres in thickness, One layer dipping steeply to the north is graded, having
a sharp ultramafic upper margin and grading downwards into leucocratic rock and
if this represents primary gravieational layering 1e would confirm that the gabbro
sheer has been inverted by D, folding,

Mesasedinmentary vafts and xenoliths

As well as the noriric facies, the normal meragabbro contains a number of large
elongare rafrs and small xenoliths of merasediment, particularly in the north,
though here the gabbroic magma was not contaminated by the inclusions. The
rafts, generally a few tens of metres in length, include marbles, mica schists and
psammites, while the xenolichs, which are usually less than a metre in length, are
of mica schise, calg-silicate schist and psammite.

The largest and most abundant of the rafts consist of bluish-grey marble, and
although these sometimes occur as isolated bodies they usually appear as groups
or trains of rafes composed of several individuals. Occasional rafts of mica schist,
up to a few tens of metres in length, have provided weaknesses in the meragabbro,
for they are almost invariably intruded by later sheets of coarse-grained quartz-
syenite, On Ramnes the meragabbro contains xenoliths and rafes of migmatized
psammite and semipelite, The migmarization postdated the emplacement of the
gabbro, for the latter has undergone extensive feldspathizarion and veining by
quartzofeldspathic material derived from partial anatexis of the metasediments.
In the norchwestern part of Havnefordfell the marginal zone of the metagabbro
is rich in small metasedimentary xenoliths, somenimes only a few centimetres in
lengrh: Thes are of several differenc lithologies including psammite, semipelite,
cale-silicare schist, basic homnfels, and blocks of acid pegmarite. They are usually
angular and sharp-margined, and are randomly orientated with different rock-
rypes broughe into juxtaposition with one another,

The trains of metasedimentary rafts form a relice seratigraphy through boch the
Husfjord meragabbro and the Havnefjord diorite, a large fine-grained diorite
which has been emplaced into the central part of the metagabbro sheet (Plate I).
The marble rafts form a good marker horizon, and these occur well witchin the
metagabbro body near to the Havnefjord diorice in the southwest, but close to the
outer margin of the metagabbro in the northeast. The trend of these rafes is
approximacely parallel to the general strike of the country rocks outside the pluton.
The preservation of this relicr seratigraphy across a large part of the meragabbro
sheet is a result of the emplacement mechanism discussed below.

Early imtrusions

The finer-grained foliated facies of the Husflord metagabbro has been susceptible
to feldspathization and che incroduction of dioritic material. The diorites are
coarse-grained pyroxene-mica diorices with a fluxion texture and generally oceur
as parallel sheees less than a meere in width (Fig. 4), although some irregular veins
are present, Many have been sheared and jointed during D, and the large-scale
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orthogonal swing in the regional strike of the country rocks, due to the late D,
movements, is reflected by a similar swing in strike in these early diorite sheets.

The foliated facies of the Husfjord metagabbro has also been prone to
feldspathization in the neighbourhood of the dioritic sheets. The metagabbro
contains sreaks and bands replete with feldspar porphyroblasts which are always
elongated parallel tw the foliation of the metagabbro. In some cases the
porphyroblasts are relatively dispersed and the borders of the feldspachized areas
are diffuse, while in others the porphyroblasts are closely spaced and the margins
of the bands of feldspachization are sharply defined.

The emplacement of the diorites postdates the feldspachization since they cur
across the feldspathized parches, but it is possible that the two events were clasely
linked in rime, the feldspathization being a precursor o the diorite intrusion.
Pecrography shows thar the diorite intrusion followed the peak of the regional
metamorphism, whilst it is likely thar che feldspathization could have been
assaciared with higher grades of the regional metamorphism, The zones containing
diorites have been prone to shearing, probably due to internal failure in the
metagabbra during I, folding along planes of weakness formed by these diorire
sheers. Sometimes only the diorites have been sheared, bur locally the metagabbro
is also affecred.

Late intrusony
A complex of diorites, monzonites and quartz-syenites, of variable grain-size, was
emplaced into the central zone of the Husfjord metagabbro. The largest body is
the fine-grained Havnefjord dionre, which thermally meramorphosed che Husf-
jord metagabbro, cthe wideh of the aureole being 300-400 m. The metagabbro
becomes more amphibolitic in the neighbourhood of the diorite, and sometimes
teldspar porphyroblasts develop, occasionally containing minute inclusions of
mafic minerals in their cores. Some of the early coarse diorite sheets in the
metagabbro occur within the aureole of the Havnefijord diorite, and these have also
been amphibolitized. There is no evidence in the metagabbro that the Havnefjord
diorite caused any marked deformarion of its envelape during its emplacement,
A number of perthosites have been emplaced into one of the more intense
shear-zones in the Husfjord meragabbro around the margin of the Vatna gabbro.
They are pink or cream coloured, varying in grain-size from fine to coarse, and
ranging in size from sheets tens of metres thick o small irregular streaks and veins
only a few millimetres wide. The mechanism of emplacement of these perchosires
has been discussed in derail by Speedyman (1973).

Emplacement
The distribution of the memsedimentary rafts provides the clue to the emplace-
ment mechanism of the pabbro sheer, This mechanism must account for the
preservation of a relict stratigraphy in the rafts wichin the metagabbro. It must
also explain the presence of metasedimentary rafts in the metagabbro near to the
Havnefjord diorite, well away from the gabbro’s outer coneact,

The ratr distribution suggests thar on emplacement the gabbro sheer bifurcared,



THE HUSFJORD PLUTONIC COMPLEX ]

Fig. 4. Early dioriee sheers i the
Husljord metagabbro. Husfjord.

preserving a large central lenticular region predominantly of country rock,
consisting of large screens of merasediment alternacing wich sheets of gabbro
(Speedyman 1972}, This cencral lenticular complex is now occupied by the
Havnefjord diorite, accounting for the general alternation of metagabbro and
metasediment rafrs wichin the diorite. The emplacement of the gabbro was
syntectonic, associated with the last stages of the D, folding, and Speedyman
(1972} considered thar the intrusion of the Husfjord gabbro was by a mechanism
of syntectonic permissive emplacement.

2. HAVMNEFJORD DIORITE
This is a large, fairly homogeneous body of fine-grained pyroxene-mica diorite,
emplaced into the central zone of the Husfjord metagabbro (Plate T).

It has not undergone the high-prade regional metamorphism thar affected the
metagabbro, and thus postdaces the peak of the regional metamorphic event. les
ourcrop is arcuate, about 12 km in lengeh and nearly 2 km in widch at its centre,
and takes the form of a sheet, both contacts dipping towards a norchweseerly
direction.

The diorite 15 almost invariably aphyric and 1s fairly uniform in grain-size
throughout, although sometimes near the margins, particularly the southern, there
are zones parallel to the contact in which the diorite is slightly porphyritic
exhibiring a fluxion texrture,
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Fig. 5. Mobilized hornfels in & metasediment raft in the Havnefjord diorite. Havnefjord,

Raftr and xenolith

A common feature of the Havnefjord diorite is the occurrence of numerous
inclusions, varying from occasional xenolichs a few centimetres long to numerous
large rafts up to several rens or hundreds of metres in length. The xenoliths are
of metasediment bue the rafts consist of various lichologies including metagabbro,
psammite, semipelire, basic schist and marble. The rafts occur throughour the
diorite, bur the various rock-types are resericted ro different zones, reflecting a relicr
stratigraphy comparable with that of the country racks. The small xenolichs mainly
occur near the northern margin, and are not obviously relared o the rafts.

The metagabbro rafts are of the order of a few metres or tens of merres in length,
and are lenticular, with their longest axes parallel o the margins of the diarice,
Ovccasionally they contain early diorite sheets and zones of feldsparhization, and
have been thermally metamorphosed.

Much of the central parr of the Havnefjord diorite, especially o the north of
Husfjord, is occupied by planar rafts of psammite, rusty-weathering semipelite and
basic schist, ranging from a few metres long up to abour 1 km in length and 200
m in width. They are orientated paralld to the margins of the diorite, and
sometimes occur as rrains which trend in chis direction. The layering in the rafts
is parallel to the raft margins, which are usually subvertical or dipping steeply to
the north,

In some places D) minor folds are refolded by D, folds, indicating thar the
diorite emplacement postdates ar least the beginning of D,. The margins of the
rafts are fairly sharp, and there is no significant assimilation by the diorite, The
spatial arrangement of rafes of similar composition indicates thar they are close ro
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their ariginal pre-diorite positions, since a relict stratigraphy can be traced across
the bady. The size of many rafts also indicates that they have probably not changed
their positions very much. The psammitic and semipelitic rafts are very abundant
it the central zone of the diorite, and here sporadic metagabbro rafts occur berween
and parallel to the metasedimentary raft trains. Away from the central zone, and
particularly towards the south, the metasedimentary rafts decrease in size and
number, and the frequency of metagabbro rafrs increases,

In one large raft hornfelsed metasediments have become mobilized by the
diorite, and form broken and deformed blocks in a dioritic macrix (Fig. 5). The
blocks have sharp margins, sometmes with leucocratic reaction rims, and the
diorite in the neighbourhood of these mobilized hornfelses has been ner-veined
by gquartzofeldsparhic material, the source of which appears to be the metase-
diment.

The northern limie of the rusty-weathering semipelitic rafes is fairly clearly
defined. and to the norch of this the Havnefjord diorite coneains occasional rafts
of marble, Most of these are large. often many tens of metres in length (Fig. ),
and are elongared parallel o the trend of the psammite and semipelite rafts and
the divrite contact
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Fig. 7. Steep northward-dipping conrace between monzonire Fig. 8 Feldspathization of memasediment near quarrz-
{lefr) and Havnefpord diorice Havnefjordfjell syenite sheer. Havnefjord

A tew randomly-orienrated psammite and semipelite xenoliths oceur in the
norchern pare of the diorite. These are almost invariably partly assimilated by the
diorite, and their margins are generally diffuse, sometimes only remaining as dark
schlieren. Locally, tighe isoclinal D, folds have been preserved in the xenoliths.
Such small, highly-digested xenoliths must have been brought up by the diorire
from deeper levels,

Emplacement

As in the case of the Husfjord meragabbro, the distribution of the rafts wichin the
Havnefjord diorite provides the key to it emplacement mechanism. The
preservation of a relice metasedimentary stratigraphy throughout the diorice must
be explained, and the presence of metasedimentary rafes within the diorite at such
a great distance from the metasediments of the country rocks must be accounted
tor. Moreover the alternation of meragabbro and metasediment rafts across the
diorite must be explained.

As already mentioned, when the Husflord gabbro was emplaced it bifurcared
forming a ceneral lenticular region consisting of sheers of gabbro alternacing wich
metasediment screens. It was into this sheeted sereen complex that the Havnefjord
diorire was emplaced synchronously with lace D. folding (Speedyman 1972}, Both
metagabbro and merasediment were incorporated as rafrs, and the Pre=existing
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sheered nature of the screen complex resulred in the alternation of metagabbro and
metasediment rafts. This also explains the relict stratigraphy and the preservation
of the metasediments within the heare of the diorite so far from the country rocks.
Like the Husfjord metagabbro, the Havnefjord diorite is considered to have been
intruded by a mechanism of syntectonic permissive emplacement (Speedyman
1972y,

3 MONZOMITES

The Havnefjord diorite and in some places the Husfjord metagabbro have been
incruded by a number of coarse-grained pyroxene-mica monzonite sheets (Plate
I). These vary in width from a few metres to many tens of meeres, the largest having
a length of abour 1,5 km, although it is likely that many of the smaller ones link
up with longitudinally adjacent ones beneath the present erosion surface. The
sheets dip steeply towards the north (Fig. 7), and their rrends are subparallel o
the margins of the Havnefjord diorite and its metasedimentary rafes.

The conacts of the monzonites againse their host are always sharp, but there
is no chilling, and the monzonites commonly contain hornfelsed blocks of
Havnefjord diorite ar their margins.

The monzonites are frequently located adjacent to metasedimentary rafts in the
Havnefjord diarite, although in some cases the rafts have been completely
enveloped by the monzonites. A common feature of the monzonites, whecher or
not they are associated wich rafes, is the presence of small metasediment xenolichs.
Psammutic xenoliths usually have fairly well-defined margins, but pelitic and
semipelitic inclusions are generally diffuse, and have been extensively assimilated
by the monzonite, forming vapue schlieren. In some places semipelitic horizons
in rthe larger xenoliths can be traced along strike from normal metasediment
through stages of progressive assimilation until they become indistinguishable
from monzonite.

4. QUARTZ-8Y ENITES
These occur as sheets, a few metres in wideh, emplaced into the Havnefjord diorite,
the Hustjord meragabbro, and occasionally the countey rocks (Plate 1), bur their
age relative to the monzonites is uncertain in the field. They are coarse-grained,
and some conrain numerous small reddish garners. These quartz-syenites are
usually associared with metasedimentary rafts which have sharply defined margins,
but there are none of the small digested xenoliths characteristic of the monzonites.
In the neighbourhood of the quarte-syenites,; the Husfjord metagabbro and che
metasediments have generally been extensively feldspathized, the latter being
much more prone to this than the former, Feldspar porphyroblasts up to abour
2 cm in length are randomly orientated, and in some places the feldspars are
relatively sparse, whereas in others they are very dense (Fig. 8). The feldspathi-
zarion 15 sometimes so dense thar the rock begins o resemble the quartz-syenites,
and it is possible that the relationship berween the quartz-syenites and the
feldspathization 15 comparable to that berween the early diorite sheers in the
Husfjord meragabbro and the feldspathizaction associated with chem.
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5 VATNA GROUP

The Varna gabbro occupies the area around Vatna, and makes contact wich the
Husford metagabbro to the north and west (Place 1), It has not undergone the
amphibalite-grade regional meramorphism which has affected the metagabbro,
and it causes the formation of a metamorphic avreole in che laccer. It comprises
a number of facies, mostly olivine-bearing, having various grain-sizes, bur with
a general tendency for the rocks in the southern parr o be finer-grained, and in
places a fluxion texrure is developed. Dioritic patches are fairly common, especially
near its western margin and these, together with granular pyroxene-hornfels
inclusions, are probably relics of Husfjord metagabbro and its associated diorices.
The Vamna gabbro has meamorphosed the Husfjord meragabbro, rhe aureole
being about 1 km wide to the west but narrowing to a few hundred metres in the
north. The metagabbro becomes varably amphibolitized, and in places there are
feldspar porphyroblasts.

Southward-dipping sporadic and variable layering 15 present in the gabbro. Two
types occur; one is @ gradation in grain-size, and the other is a gradation in the
proportion of mafic minerals present. In the former, olivine-gabbro wich an ophiric
rexture gradually passes up into a coarser-grained variety before reverting rapidly
to the finer-grained facies; the mineralogy remains cthe same chroughour and unics
are abour 0.5 m thick. The second type of layering is fine-scaled with units 0,5-2.0
cm in thickness, and is defined by variation in the racio of plagioclase to pyroxene,
olivine and opaque minerals across the units. In many cases layers are well defined
and continuous for many metres, varying lictle along the strike, whereas in others
the layers are diffuse and discontinuous larerally. Although many of che units grade
from mafic up o felsic, the direction of grading is often confliceing in neighbouring
units. The graded units are not generally adjacent to one another, but are usually
separated by several centimetres or metres of homogeneous olivine-gabbro,

Tnelusions and veins

Inclusions are fairly common in the gabbro, especially around Vatna; they tend
to occur in zones, individual inclusions ranging up to a few tens of centimerres in
lengrh. Sometimes they are randomly orientated, and neighbouring ones are
trequently of different rock-types. The most commeon type is a finer-grained facies
of the host-rock itself, and these are generally elongate and aligned parallel o the
attitude of che fluxion structure in the hose. They are autoliths, representing an
early phase in the emplacement of chis facies of the Vama gabbro complex, and
their origin may be similar o the indusions in the hypersthene-gabbro of
Ardnamurchan, described by Wells { 1953),

At Varna the gabbro commaonly has a sereaky appearance with bands and veins
of coarse pink-weatchering feldspathic marerial, These are parallel to the aurolichs
and fluxion structure, and some have sharp margins while others are diffuse and
mix with the gabbro. The veins and streaks are of perthite, and in those cases where
they merge wich the gabbro the lacter is pink-weathering and in thin-section is
seen to be a mixed rock containing both olivine and antiperthitic feldspar. Thus
it appears thar this facies of the Vatna gabbro had an alkali magma associated with
it, eicher during or shortly following its emplacement,
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The gabbro contains a few veins rich in opague minerals, principally magnerite,
which occur mainly in the screaky antiperthitic facies. Their arcicude is parallel to
the perthosite veins, dipping steeply south, suggesting that an ore body may exist
heneath Seraysund, It is significant chat the 1:250 000 Hammerfest aeromagneric
map produced by Norges Geologiske Undersskelse (1971) shows a magneric
maximum over the Yarna arca.

Imerasions

Minor intrusions are abundant in the Vatna gabbro, and include perthosite sheets,
basic dykes and nepheline-syenite pegmatites, The perthosites consist almost
entirely of hair-perthite, are variable in grain-size from fine to medium, wearher
to @ pink or yvellowish colour, and form large sheets up to several tens of metres
in widrch rrending NW-5E. In many cases the ends of the sheets are diffuse and
merge with pink-weathering antiperthite-gabbro. There is a gradation from
olivine-gabbro through antiperchitic olivine-gabbro and melaperchosite to prac-
tically pure perthosite, and ic appears in places that the perchosite and olivine-
gabbro magmas must have become mixed at the time of emplacement; the
perchosite may, in face, be a late fraction of the alkaline olivine-gabbro magma.
[t is possible that the perthosites were emplaced before the Vatna gabbro was
completely solid, so char those pares of the perthosite sheets in contact with the
gabbro became mixed with the neighbouring crystallizing host. Piecher & Read
(1960) have described dykes in the Donegal Granite which display mixing of
granite and dyke material ar cheir margins and a merging of rexrures, and which
are considered by these authors to have been emplaced into an embryonic joint
system in the granite before the latter was entirely solid. The Vatna perthosites
have many features in common wich the Donegal dykes, and may have had a
similar mode of emplacement.

The Varna gabbro and perthosites are cut by numerous basic dykes, mainly
amphibaolites, some of which are porphyritic. They range in width from abour 10
cm to 2 m, although a distinctive white-spotted olivine-leucogabbro reaches
several tens of merres in widrh. At Varna a few nepheline-syenite pegmarites have
been emplaced into the gabbro. They are invariably sheared, having provided
planes of weakness in the massive gabbro along which shearing could rake place
during the late D bricele deformation, the intensity of the shearing being variable,
even within a single body. Feldspars form broad elliptical-sectioned augen, while
nephelines form long, sinuous, streaked-our granulared augen, and shearing has
also causes the formation of small overturned isoclinal folds. Similar fearures in
western Sorey have been described by Start (1961).

B. Petrography

I HUSFIORD METAGABBRO

Facier af the metagabbro

The Husfjord metagabbro is essentially a clinopyroxene-gabbro (Table 1) which
has been variably amphibolized during the regional metamorphism. The main
facies is fine- to medium-grained, rypically has a relice subophiric textare, and is
sometimes slightly foliated. As a result of regional metamorphism, plagioclase has
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Fig. & Garner corona around hypersthene; note clear zone of quarez, Nonric facies of the Husford
mictgalilvo, Plane polarized lighe Bar scale = 0.1 mm.

recrystallized and clinopyroxene has become partially altered to green amphibaole.
Hypersthene occasionally occurs in this facies, (Table 1), bur is less prone o
amphibolirization than the augite. There are two generarions of biotite; early lachs
altering to homblende, and lacer larpe frosh crystals which have developed
retrogressively from both homblende and early biorice,

In the noritic tacies the only pyroxene is strongly pleochroic hypersthene. Ragged
biotite laths form from some of the hypersthenes, and there is usually a narrow
zone of quartz berween the two minerals with vermucular inclusions of quartz in
the biotites as a resule of the reaction. Corona textures are ubiquitous in this facies,
the most common being rims of granular garnet around hypersthene generally with
aclear zone of quartz berween che two (Fig, 9. These garnet rims also occur around
hypersthenes which have altered to biotice containing vermicular quartz inclusions,
and where garner overgrows biotite it sometimes inherits the vermicular quares
inclusions from the biotite, indicating thar the formation of garnet 15 secondary,
posedating the metamorphic alteration of hypersthene ro biotite. Garnet coronas
arcund orchopyroxene in noritic and related rocks, often with an intermediate zone
of quartz, have been described by many workers (Bregger 1934, Shand 1943,
Gielsvik 1952, Friedman 1955, Murchy 1958, Reynolds & Frederickson 1962,
Engels & Vogel 1966, Frodesen 1968, Glavens 1970, Griffin 1971, Gnffin &
Heier 1973, and Whitney & McLelland 1973), Although some of these authors
believe the reactions to be deuteric, the majority consider them to be metamorphic.
In this facies garner also occurs as large porphyroblasts, particularly ar the conrace
with the country rock migmatites where the norice is strongly contaminated by
metasediment, The close associarion of garner formarion with assimilared metase-
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1. Fibrolite along feldspar grain boundarics, Migmatized psammite raft in the Husfjord
metagabbro, Rammnes. Plane polarized lighe, Bar scale = 0.1 mm
B f

diment is not a primary feature, as a result of direct contamination, bur a secondary
one. It is due to the metasediment providing excess aluminium, creating chemical
metastability in the more contaminated parts of the norite which became stabilized
during metamorphism by the formation of garner.

The Husfjord metagabbro has been thermally metamorphosed by the Havnef-
jord diorite. Towards the contact pyroxene, which has already been slighely alrered
to amphibole during the regional metamorphism, becomes progressively more
amphibolitized, and although it 15 almost completely replaced by amphibole a
relice subophine texture is preserved. Plagioclase is sodic andesine, and there are
sporadic porphyroblasts of anuperthicic oligoclase,

Metasedimentary vafts and xenoliths

The marble rafes consist mainly of coarsely recrysrallized calcire forming a
subequigranular mosaic in which rounded grains of diopside are common, and
small amounts of alkali feldspar, quarez, garnet and idocrase are somerimes
present. The chin cale-silicate horizons have a fine-grained granular texture, and
consises of diopside, calcite, quartz and feldspar. Locally, the metagabbiro adjacent
to the marble rafts contains a few anhedral buff-coloured garnets, due to
contamination, In the mica schist rafts garnets overprine che folded D schistosicy,
but have themselves undergone Iy deformarion, with secondary biotite forming
along cracks in the porphyroblasts. The psammite and semipelice rafes have been
migmatized after being enveloped by the meragabbro. The psammires are
quartzofeldspathic, with varying amounes of biorice, sillimanite and garnet, the
last somerimes forming large porphyroblasts which are altering ro fibrolire and
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Fig. 11, Fibroliee nucleating on garner porphyroblase, Migmatized paammite rafe in che Husfjoed
||||.'I'.'|g:|:h5‘:r.._ Ramnes, Plane polanzed Light, Barscale = 0.1 mm

upaques, especially ar their margins. Along nearly all che grain boundaries berween
adjacent alkali feldspars, and berween alkali feldspar and quartz are agpregaces of
fibrolite (Fig. 10), a mineral which also nucleates around the margins of garnet
porphyroblases (Fig. 11} The growth of this fibrolite appears to be related to the
migmatization, and its significance is discussed in Parc 11 In the semipelites quarcz
and alkali f'n:]gl!.par form a suh[;‘quigr.'!rmlar mosaic, aften with biotires ‘lh}ng grain
boundaries, and some horizons contain garner which s breaking down 1o lace
regrogessive bionte.

Four principal lithologies are presesented in the small xenolichs: psammire,
semipelite, calesilicate schist and basic hornfels, The psammites consist mainly
of quarte which, together with a few plagioclase grains, forms a fine-grained
mosaic. A relict early foliation is preserved by layets of biotite, gamet, opagques,
kyamte, sillimanite and rurile. Kyaniee is in the process of altering to sillimanite,
and fan-shaped aggregates of fibrolite needles nucleate on garnet. In the semipelites
a hornfelsic texture overprints a relice schistosity, the main minerals being
plagioclase, biotite, garnet and quartz, The principal mineral in the cale-silicare
schises is diopside, occurring as rounded grains, which together with plagioclase
forms a granular hornfelsic texture overprining an early regional meramorphic
tabric. Tremolite, quartz and poikiloblastic biotite form a D, schistosity, and
enclose the rounded grains of diopside and plagioclase, The basic hornfelses
represent basic metasediment inclusions, and have a fine-grained grancblastic
texture consisting of orthopyroxene and plagioclase, the former beginning ro aleer
retrogressively o amphibole and biotce. In zenoliths in the noricic facies,
arthopyroxenes are rimmed by garnet.
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Fig. 12. Biatiee with vermicular quarts associated with myrmekice developing from alkali feldspar

Early diorfite intrussion in Husfjord mecigabboo, Husfpord, Crossed polars: Bar scale = 0.1 mm

Early inmtvusinn

These are pyroxene-mica-diorites, containing a liccle alkali feldspar, in which
hypersthene and phenocryses of plagioclase tend 1o have a preferred onentation
parallel o the sheer margins. Ar the contaces berween hypersthene and alkali
teldspar biotice often forms ar the expense of hypersthene. The biotite usually
contains vermicular inclusions of quarrz, and this symplecrite is frequently closely
associated with the development of myrmekite from alkali feldspar (Fig. 12). This
15 & late metamorphic effect, discussed in Pare [T Hornfelsing of che metagabbro
by the early diorites postdates the peak of the regional metamorphism, since the
regional metamorphic rexeure and mineralogy are overprinted by a fine<grained
granoblastic texture of rounded grains of hypersthene, clinopyroxene and andesine,
In places the early diorites have been metamorphosed by the Havnefjord diorire;
hyperschene 15 pseudomaorphed by turquoise-green amphibole having a diablasric
texture with small rounded blebs of quartz, and this amplibele in turn is
regrogressed to biotiee containing vermicules of quartz.

2, HAVNEF]ORD DIORITE

This is a pyroxene-mica-diorite, somerimes monzodioritic, with a fine-grained
subequigranular xenomorphic texture, in which the principal pyroxene is usually
hypersthene (Table 2). Although generally non-porphyritic, it occasionally has
feldspar phenocrysts which tend to be aligned in a fluxion serucrure, particularly
in the marginal zone. These phenocrysts consist of antiperthite and sometimes
perchitic ‘alkali feldspar, the latter generally bordered by myrmekire. When
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Tabde 2. Modal analyses of the Havnefjord dicrire

Mineral 36/92B 36/117C 36/126A 36/159B 36/233C 38/48A  05/38A
Qu — B - 29 ~ 0.3 -
Kfeld 37.2 35 47 0.8 49,7 6.2 5.5
Plag 37.6 59.1 49.6 67.6 219 43.5 67.2
Hyp 17.2 238 10.8 13.4 15.4 14.7 15.6
Cpx < 2% 18.5 - = 232 1.6
Bi 36 6.6 12.4 7.8 5.8 6.1 1.7
Hbi |8 - 0.8 .1 0.3 0.2 0.3
Ap 0.2 0.2 0.3 0,9 1.4 07 13
Zir = = - 0.1 = = 0.2
Opagq 24 43 29 6.4 5.5 5.1 6.6

30HH) poants per thin-seerion.

diopsidic augite occurs it is often being altered to green hornblende, which in turn
15 altering to recrogressive poikiloblastic biotites containing vermicular quarez, At
contacts with the larer monzonite sheets, the Havnefjord diorite is frequently
hornfelsed, developing a fine-grained granoblastic texeure, mainly consisting of
hyperschene, diopside and plagioclase.

Rafts

Some rafts are of recognizable meragabbro, variably hornfelsed, but hybrids are
aften developed in which che dierite has been contaminared by metagabbro
inclusions, forming a rock of intermediate character. These hybrids have a
xenomorphic texture like char of the dioriee, but the mineralogy has similaricies
with that of the meragabbro in that the principal pyroxene is clinopyroxene,
although some hypersthene does occur, and the opagque minerals are the same as
in the metagabbro,

At the margins of the psammite and semipelite rafts a hornfelsic texture
develops in which quartz and perthite form polygonal grains, with decussate
biorites, Thermal meramorphic garnets overgrow and form from biotire and
kyanite, and diffuse relics of radiating kyanite prisms remain in the garnet (Fig,
13}, In some rafts, regional metamorphic garmets have become unstable at the rafr
margins during hornfelsing, and all stages in their pseudomorphing by aggregares
of fibrolice, iron oxide, and sometimes biote can be observed. Some of the more
pelitic schists have been slightly feldspathized and contain occasional perchite
porphyroblases.

Basic schist rafts have become rwo-pyroxene hornfelses due to the thermal effecrs
of the diorite, Hypersthenes are usually large and poikiloblastic with so many
inclusions of plagioclase thar a diablastic texture develops, similar to the
sieve-textured  porphyroblastic hypersthenes in sedimentary xenolichs in the
hypersthene-gabbro of Ardnamurchan (Wells 1951). Plagioclase is poikiloblastic
and appears to be becoming more basic during hornfelsing; the excess silica that
cannot be incorporated into the more calac plagioclase is exsolved as vermicular
quartz inclusions (Fig. 14). Long poikiloblastic biotites having a preferred
orientation overgrew the pyroxene and plagioclase during regional meramorphism.



Fig. 13 Radiating relict kyanice prisms within pgarmer. Semipelite raft in Havoefjord dionee,
Havnefjord. Plane polarized light. Bar scale = 0.2 mm
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Fig, 14. Quarrz vermacules in plagioclase. Basic schist raft in Havnefjord diorite, Havnefjord. Crossed

pislirs, Bar scale 0.2 mm

In the marble rafts calcire forms a subequigranular mosaic with fairly seraight
grain boundaries, and diopsides, apartites, alkali feldspars and opaques occur as
interstitial grains. The calcsilicate horizons in the marbles consist of diopside,
andesine, opaques and rarely zircon.
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Table 3. Modal analyses of the monzonites

Mineral 16/112B 36/237TA 36/301A 36/301B 38/18B 3B/3BA 3E/48E
L 1.4 - - = - 1.2 -
Efeld 23 326 296 7.5 50.5 378 334
Plag SLG 34,5 DD G 4 233 43.1 31.5
{Myrm) - - = = - 5] 0.8
Hyp 187 7.0 13.0 L2 13.3 B4 T
B 6 4. L5 1.7 .0 4.9 i
Hbl .5 .7 0.6 e 0.3 0.1 02
Ap - (.2 0.3 0.5 (1 v - -
Zir - - = 1 = i1 =
Orpagg 3.9 | 1.5 27 3.3 2.0 2.9

7,000 points per thin-secoion,

§. MONZONITES

These are coarse-grained pyroxene-mica-monzonites, are sometimes monzodio-
ritic (Table 3), and have a porphyritic xenomorphic texture in which the pyroxene
is serongly plenchroic hypersthene. Biotite, commonly containing vermicules of
quartz, frequently envelops hypersthene and sometimes forms from it. Anhedral
phenacrysts of perchive and anti-perthite are generally randomly onentated bur
somerimes form a crude fluxion rexture, and the perthite phenocryses are
commonly lobed by myrmeleite.

Xenaliths

These range from blocks a few tens of centimetres in length to small fragments
distinguisable within a single thin-section, and many are parely assimilated by the
monzonite, They are principally semipelites, but there are also some basic
hornfelses,

In the semipelites a granoblastic hornfelsic texture is developed with polygonal
grains of alkali feldspar, usually hairperthite, and ragged decussate biotices,
alehough a relice schistosity is sometimes preserved, Towards the contacts with the
host, biotire is replaced by fibrolite and iron axides, but in some rocks large fresh
poikiloblastic biotites have grown during the waning stages of the regional
metamorphism, At some conraces biocite is aleered to small hypersthenes, and as
the conrace is crossed hypersthenes and feldspars gradually become coarser and the
amount of biotite decreases until che rock resembles the monzonire.

The basic hornfelses are mostly of metasediment but a few are of Husfjord
metagabbro. They have a fine-grained granoblastic texrure, generally consisting
of hypersthene, labradorite, decussare opaques, and sometimes biotite and
clinopyroxene. At the contacts hypersthenes are often large and poikiloblastic,
approaching in size those in the host monzonite, and hyperscthenes in the monzonite
near the xenolichs tend to be very strongly pleochroic suggesting contamination
by the merasediment. It appears thar these hornfelses too are being converted o
monzonite at their margins; further evidence for this rransition 1s described below.
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Fig. I3, Vermicular clinopyroxene ar hypersthene-alkali feldspar contace, Menzoniee next o a basic

hoenfels xenclich, Havnefjordfiell. Plane polarized lighe. Bar scale = 0.4 mm

5_1- -'.?{J.!'?.!'In':'.f.'.":'s and cororas
These develop in the monzonite next o those xenolichs which are being
assimilated. Symplectites form nexr ro the basic homfels inclusions, whereas
coronas occur dn the neighbourhood of the semipelitic xenolichs. In both cases
chemical instability, apparently as a resulr of the presence of xenoliths, is indicated.
The symplectites are confined to boundaries berween hypersthene and alkali
feldspar. the hypersthene becoming fritrered with the development of diopside-
oligiclase symplectites (Fig. 13). The formation of chese is associated with
contamination by basic xenolichs, since hypersthene and alkal teldspar are stable
together away from the xenoliths. Another phenomenon occurring in the
monzonite next to the basic homfels xenaliths is the presence of opaque inclusions,
sometimes vermicular, within hypersthene. These are magnetite and ilmenire, and
as the former does not normally occur in the monzonite contamination by the
xenoliths is suggesred. In the basic hornfels xenoliths chemselves small hypersthe-
nes also contain opaque inclusions, often vermicular, closely resembling those in
the monzonite hypersthenes. At contacts with xenoliths the monzonite contains
large, strongly pleachroic hypersthenes coneaining a number of small separate
inclusions of opaque, cach of which resembles che inclusions within the small
hornfels hypersthenes (Fig. 16). The large monzonite hyperschenes appear to have
formed by the amalgamarion of & number of homfels hypersthenes, each retaining
its central opaque inclusion, and under cross-polars the large monzonite hypers-
thenes are seen to consist of aggrepates of small domains, Furchermore, in places

the acrual annexing of a small homfels hypersthene to a large monzonite
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Fig. 16, Tron oxide inclusions in large hypersthene in monzonire (left) and in small hypersthenes in
hornfels. Contace of basic hornfels xenolich in moneonite. Husford. Plane polanzed lighe. Bar scale
(L4 mm

hyperschene, with opagues along the join, can be seen (Fig. 16}, Thus some of the
minerals in the monzonite appear to have developed from the hornfelsic marerial
which it assimilared,

Coronas involving several minerals form in the monzonite in the neigbourhood
of some of the semipelitic xenoliths, Opaques have reaction coronas of dark green
hornblende or hypersthene againse plagioclase, and sometimes a double corona is
formed with hypersthene on the inside against the opague mineral and hornblende
outside againse the plagioclase. Some opagques have narrow coronas of granular,
colourless garner against plagioclase, and sometimes there is a shell of hypersthene
between the garnet and the opaque. Garner also forms narrow coronas around some
bictires, while other biotites are rimmed by dark green horablende. The coronas
are not ubigquitous, even in the vicinity of semipelitic xencliths, bur oceur in
irregular fine-grained parches which appear to be assimilaced inclusions, The
sermipeline homfels xenolichs themselves sometimes have corona texrures very
similar to those just described bur on a finer scale, particularly che rimming of
biotices and hypersthenes by garnet, In addition, some of the more pelicic
hornfelses contain green spinel which have coronas of hypersthene or garnee, ot
boch, wirh garner on the ourside. These coronas in the xenoliths must have formed
during hornfelsing, and the fine-grained patches in the monzonite where coronas
occur are diffuse relics of assimilated metasediment, Similar symplectites and
coronas in the immediate vicinity of xenoliths have been deseribed from the Insch
norite of Aberdeenshire (Read 1966). Read considered that the xenolichs were
being converted directly into norite by assimilation, and that the norite in the
neigbourhood of xenoliths developed as a result of contamination by the homfelses.
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Table 4. Modal analyses of the quarcz-syenites

Mineral IE/5IA ZB/IEC 4B720B 03 /15C

Cu £25 156 2.2 9.4

Kifeld 454 62.5 47.1 33.0

Plag 206 127 2.8 9.0

{Myrm) 12 - — -

Bi 23 3.6 177 16.0

Musc 0.2 1.5 - 22

HEl 0.2 - - -

Ap 0.4 - - =

Zir 0.1 0.1 0.2 03

Orpagy .3 = - 0.1

Mineral IB/13A 3H/S6C 4B /HB 46/44  46/1TA
Ju 6.1 28.1 7.0 11.5 3.0
Kfeld 6.3 3.7 727 [TEN 40.5
Plag 15.8 20.3 T8 12.9 332
{ Myron) (.4 = 0.7 0.5 -
Bi 9.7 7.3 15 11.6 180
Musc 0.4 1.4 5 0.2 -
Gt 0.2 1.2 .4 L3 4.8
Ap - - - ot .1
Zir 0.2 0,2 0.2 1.0 0.2
Sph - 3.0 - = =
Rur - - 0.3 - -
Opag .3 0.8 0.1 3 0.2

7006 points per thin-section,

4. QUARTZ-SYENITES

These coarse-grained quartz-syenites sometimes grade into quartz-rmonzonite of
granite (Table 4), and have a porphyritic xenomorphic texture. Phenocrysts are
usually of perthite, commonly with myrmekite developing ar their margins,
although some are of sodic andesine. A few quartz-syenites conrain small anhedral
garners, some of which are altering to biotite; the significance of these garners is
discussed in Section D.

Associated wich the quartz-syenite isa coarse feldspathization which affects both
the Husfjord metagabbro and its metasedimentary rafts. The metagabbro contains
xenoblastic alkali feldspar porphyroblasts, nmmed by myrmekite, and irs
plagioclase has recrystallized to a polyzonal mosaic of sodic andesine, The
pyroxenes have complerely altered o acundlite and biotite, sume of the lateer being
chloritized. Metasedimentary rafts also contain xenomorphic feldspar porphyrob-
lasts in a matrix of quartz and biorite,

5. YATNA GABBRO

In the southern fine-grained facies, which generally have xenomorphic texrures,
the principal mafic minerals is pale greenish-buff augite which tends to have blebs
and fine schiller needles of opaques, and in places is altered to biotite. Rounded
fresh olivines and basic labradorites are sometimes elongated parallel to one
another forming a fluxion texture. The northern coarse-grained facies in places
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exhibirs ophitic textures, in which augite containing opaque schiller lamellae is
slightly altering to brown hornblende, Some of the coarse rocks contain olivines
which generally have narrow coronas of hypersthene or fibrous cummingtonice.

Inclnvions and veins

Inclusions are of two kinds: auteliths and xenolichs. The autolichs are inclusions
of fine-grained early marginal facies of the gabbro enclosed within the main body,
and have a strong fluxion texture. They have che same mineralogy as typical
fine-grained facies Vatna gabbro, but are finer grained. The xenoliths comprise
a wvariety of lichologies, mainly coarse-grained pyroxenites but also brown
amphibolices.

At Vana the gabbro contains small irregular veins and streaks of coarse pink
perchite which usually merge gradually into normal gabbro. In the transitional
lithology the alivine-gabbro becomes progressively enriched in hair-antiperthite,
which irself becomes perthite as the veins are approached. The antiperthiric streaks
in the gabbro cccasionally have mafic aggregates containing considerable amounts
of opagque minerals. These aggregates consist of rounded grains of clinopyroxene,
olivine, apatite, antiperthite and large euhedral zircons, with the opaques being
intersritial. These opagues, principally magnerice bur also ilmenite, pyrite,
pyrrhotite and chalcopyrite, are often nmmed by biotite where they make conract
with antiperrhire.

Imernsions

The perthosites are composed almost entirely of hair-perthite, accessory minerals
including aegerine-augite, diopside, hypersthene, hornblende, aparite and eircon;
the hypersthene 1s strongly corroded and vaniably pseudomerphed by iddingsite.
The rock has a xenomorphic texture, with perthite grains having highly surured
margins, These sutures become quite complex so that neighbouring cryseals are
interlocked, and early stages in the development of swapped rims (Voll 1960) can
ke seen. Ar the margins of most perthite grains, especially where incipient swapped
rims are forming, the perthite lamellae peter out and a single-phase zone occurs,
this also happens around some of the inclusions within the perthites. Both the
highly sutures margins and the marginal zones indicate thar the perthosires have
undergone some recrystallization during waning stages of the regional metamorph-
15111,

The basic dykes vary greatly in grain-size but the majoricy are fine-grained and
ophitic textures are common. Some are non-porphyritic whereas others have
phenocrysts of zoned plagioclase. Augite, which also sometimes forms phenocrysts,
commonly contains opaque schiller lamellae and shows incipient alteration to
brownish hornblende and bionee,

The nepheline syenite pegmartites consist primarily of alkali feldspar and
nepheline with sporadic sodic plagioclase and matic minerals such as hornblende
and biorite, They have been extensively sheared, and various stages through mortar
textures up to a true mylonite can be observed. Nepheline was che mineral least
resistant to shearing, and lenses of sericitized nepheline streaked our along the
toliation are common,
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Takde 5. Chemical analyses of the Husfjord metagabbeo

Major 1 2 3 4 5 & 7 8 9
elemenss  36,/1A 36/3A 36/54A 36/11F 36/11G 11 /644 GO/4TH 36/118F 36,2254

51, 48.35 4750 48X 4693 4754 4640 4647 5093 4956
Tl 231 242 172 2.32 210 2.35 345 2.0% 2.28
AlLOy 1885 15387 1744 1631 1669 1694 1630 18.2] 16,27
Fey0y 221 24 1:33 2.30 2HT 2.36 1.02 335 3.67
Fed 852 870 H49 907 LoD B0 1516 7.28 £.88
MnCy 0.7 1 el 1l X 009 017 ] ORI |
Mg B34 653 6 T.52 e R B 4.24 .48
Call) L1 198 10.84 9.30 986 1187 Fi27 6,44 .86
Ma-0) 340 302 274 212 2.90 323 .40 3.29 234
kO 24 073 092 Aot 5 1.13 071 1.2 243 227
Py s 01y — 0,15 (.14 016 0.29 Q.10 008
H0" 271 0068 056 067 (.95 (.59 .81 103 433
H.0~ ooty 07 (Lo8 HR i (.25 0.17 0.19 012 .19

10048 9942 9956 9035 9974 0804 98.85 99,56 II:J]._’E-E_

CIP%
TTITLS

q - - - - - - - - 007
or 733 420 538 1407 650 420 709 1407 13.42
ab 2396 2371 220% 1579 2402 19.4% 2877 2R.01 19,80
an 2705 2642 3158 26.71  2B.1F 2963 2567 2677 2710
ne 2451 L L7l 1:21 0.42 427 - - -
di 1837 20:75% 17.27 1388 1506 2247 T i3 513
hy - - = - - - 400 1441 2334
ol 1241 1152 1489 1649 1408 941 1625 130 =
mt 320 583 232 53 4. 16 3.42 148 4.84 532
il 419 460 327 441 3.9 446 (.55 £ 4.33
ap n3s  0.39 - 0.35 (r32 0,37 067 (.23 .19

1-3, fine-grained facics; 4—6, coarse-geained facies; 7, noritic facies; 89, feldspathized menagabbro
Analyse; the writer, by XRE

C. Chemistry

I, HUSEJORD METAGABBRO

Chemical analyses of the Husfjord metagabbro are presenred in Table 5 and it can
be seen that, except for the contaminated noridc facies and the two shghtly
feldsparhized specimens, they are nepheline-normarive, Tortal alkalies are ploteed
against silica in Fig. 17A, showing thar the metagabbro falls in the alkaline field
of Irvine & Baragar (1971). The two specimens of feldspathized metagabbro,
however, have slightly higher values of silica and alkalies,

In northern Seray there are two gabbro sheers, the Storelv and Breivikborn
gabbros, which have several field, mineralogical and chemical characteristics
similar to the Husfjord metagabbro (Stumpfl & Sture 1965, Sture & Taylor 1972),
These are plotted on Fig. 17A for comparison with the Husflord metagabbro;
although they have a greater scatter for points they too fall mainly in che alkaline
field.
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Table 6, Chemical analyses of the Vama gablbeo and perthosices

Major 1 2 3 4 5 0
elements 11201 07 /25D 07/25G 11/38K  1L/1C 11/35A
TL 8 47,58 46.78 42.67 54.55 0346 6320
Ty 1.78 X8 4.81 1.91 026 .44
AL, 2217 16,66 15,31 17.57 18.66 1510
Feyt; 156 2.52 1.45 1.80 (1.56 (.47
Feld .18 H.64 1241 5.30 1.31 1.53
MnCr 0.8 12 LE .12 002 o« i3
M) 4.08 6,42 7.2 L.67 0.84 (3
Cald 1152 11.30 ;RIS 5,18 1.41 1.44
Ba,D 4.20 346 273 6.01 (.55 42
ka0 28 .64 {134 2.01 i 3.30
Pa0 (.18 0.16 042 (09 - -
H.0" (155 061 0.70 .58 [ .15
H,0 .57 (.12 .16 - 0.21 016

TEH 24 L0036 99,50 9079 9965 9936

CIPW

Narms

oF 1.05 378 1.95 11.88 31.56 3097
abs 24.28 2173 9.70 4743 55.50 54.03
an 40.82 28.04 2523 15.03 519 2.57
ne G6.10 4.09 7.30 | .86 - 4,55
di 1241 2191 22.47 5.01 1.44 3660
w0 - - - - - DG
hy - - - - 1.68 -
ol 829 1035 1535 796 (93 =
e 2.26 380 210 261 081 0.68
il 3.38 5.50 9.14 363 0,49 .84
ap 0142 0.37 .97 (.21 - -

1-3, Varmna gabbro; 4, Vama gabbro, anciperchiric facies; 56, perthosice.
Analyst: the writer, by XRF
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Tatde 8. Partial chemical analyses of mineral separates of coexisting feldspars in che diorite — monzonice — quarrz-syenice

suire

Alkali
feldspar

Cal) (wre 5%)
MNas)

koY

Ba (ppm}
kb

sr
Plagiochise
CaCk {we )
Maz O

)

Ba {ppm)
Kb

ar

| 2 3 4 5 (¥ 7 8 b 1
WG/11T7C 36/233C 36/237A 38/18B 38/3BA 38/56C 38/13A 3B/31A 46/4A 48/8B
3,29 1.22 2.18 0:96 2.25 1:5F 0.28 040 ;22 1.48
255 1.B7 2.60 1.62 2.60 2.50 1.92 B b 167 2.80
B.55 13.48 140,20 1152  9.68 RED 1310 1200 1460 837
23000 43000 7250 4200 3350 2100 5100 AT00 4550 9100

l) 140 1200 140 130 [ 325 210 250} 170
S0 575 5400 00 535 430 425 395 405 633
Q.04 9,12 219 740 8.26 4.50 2.6 4. 14 4,44 .85
584 Lo G50 6,41 647 517 3.57 5.06 4.81 5.45
(.62 13,50 .57 078 050 (.88 1.15 (.58 1.22 0.95
530 2000 1440 5400 95 590 510 LW} 440 570
14 - 2 11 2 24 57 14 23 32
500 580 540 s00 580 420 210 280 280 4640

I-2, Havnefjord dicrite; 3-3, monzonite; G=10, quarte-syenite,
Analysc the writer, by XRF

Robins & Gardner (1974, 1973) have divided the Seiland petrographic
province into subprovinces, in which there is a general crend from early subalkaline
gabbros through cransitional rocks o later alkaline gabbros. The Breivikbotn,
Storely and Husfjord gabbros are included in the pre-D; subalkaline subprovince
by Robins & Gardner, The chemical data, however, suggest that these early
gabbros are fairly alkaline, lying chemically (but not temporally) berween the
pre-D; choleiiric Hasvik pabbro of sourhwestern Serpy and the late-Dy Rognsund
chnopyroxene-gabbro on Seiland (Robins & Gardner 1974).

2 VATHNA GABBRO

Chemical analyses of the Vatna gabbro and its associated perthosites are presented
in Table 6. This gabbro is strongly nepheline-normative which, together with a
plot of toral alkalies against silica (Fig. 17B), indicates its alkaline nature. The
antiperthitic facies plots in an intermediate position between the normal facies and
the perchosices.

On Seiland a syn-D; syenogabbro with associated perthosites may be approxi-
mately contemporaneous with the Varna gabbro, and the two gabbros have been
placed 1n a eransitional (high-K tholeiite) subprovinee by Robins & Gardner
(1975),

3. DIORITE — MONZONITE - QUARTZ-SYENITE 3UITE

Whole rock analyses of the diorite — monzonite — quartz-syenite suite, for both
major and trace elements, are presented in Table 7, and partial analyses of
coexisting feldspars in chis suite in Table 8. The analyses were carried out by the
author using X-ray fluorescence (and classical wer methods for the determination
of Fe() and H,0). The chemistry of this suite suggests that chese rocks may form
a petrogenetic series, as discussed below.
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Fig. 18. Harker diagram of the diorite — monzoniea — quarte-syenice suite,

Whale rock analysers

The chemical data for the diarite — monzonite — quartz-syenite suite are presented
on a Harker diagram (Fig. 18), and various miangular diagrams (Fig, 19). These
show a progressive trend from fairly basic Havnefjord dionite, through monzonire,
to relatively acid quartz-syenite. MgO), FeO and CaQ decrease in absolure amounrs
(Fig. 18), but remain in fairly constant proporcion with respect to each other (Figs.
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= CaQ). B: Sysrem K0 = NayO — CaO. C.oAFM diagram. D System AlQ = Ca@ = (MgO +
rocal Fel.

19C & ) while there is a corresponding increase in 510); and the alkalies (Fig,
19A), with the K /Na ratio progressively increasing (Fig. 19B). The AFM diagram
(Fig. 19C) shows thar as alkali enrichment takes place the Fe /Mg racio remains
constant at abour 3, with no Fe-enrichment during differentation. Although care
must be taken while interptreting trends in AFM diagrams (Robinson & Leake
1975), all chese various crends suggest that chis suite of rocks may form a
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perrogeneric series. Field evidence confirms that both the monzonites and the
quarcz-syenites postdare the Havnefjord diorite, bur there is no evidence in the field
to indicate the relative ages of the monzonites and quartz-syenites. The chemical
dara, however, suggest that the quartz-syenites are the latest members of the suire.

An expression of the saturation of the series 1s given by the CIPW norms plotred
on a triangular diagram (after Larsen 1938) presented in Fig. 20A. The Havnefjord
diorite lies just within the undersaturated field in the femics-quartz-feldspar
system showing that it is quite a silica-poor diorite, but later members of the series
are entirely within the oversaturated field.

Feldspar analyser
The whole rock trend away from calcium rowards the alkalies is reflected in the
major elements in cocxisting feldspars in the diorite — monzonite — quartz-syenire
suite (Fig. 20B).

The variations of trace elements with respect to each other in alkali feldspars
are sympatheric with those in the corresponding coexisting plagioclase, and these
trends are presented by plotting roral concentrations of Ba, Rb and Sr in the
coexisting feldspars against each other (Figs. 21A-C). During evolution of the
series absolure amounts of Ba and Rb increase while Sr decreases, and there is an
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increase in the radios Rb /Sr, Ba /5rand Rb /Ba, indicating that Rb is concenerated
in the later members and 5r in che earlier rocks,

Similar trends are reported for the Rb /St ratio by Sen et al. (1959) and Taylor
et al. (1968), and for the Rb /Ba ratio by Herz & Dutra (1966) and Taylor et al.
(1968), and are due to the incorporation of Rb in late phases because of its large
ionic radius and low charge. The Ba/Sr rario is more problematical in that El
Bouseily & El Sokkary (1975) describe an inceease in this ratio with fractionacion,
while others repore decreases (Heier & Taylor 1939, Taylor & Heier 1960, Heier
1962). The latter authors poine out thar Ba has a slightly lower electronegativity
than Sr and forms a more ionic bond, apparently favouring its entry into lartice
sites before 5r. Nockolds & Allen (1953) on the other hand maintain that Ba is
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not depleted in the magma until late stages in a differentiation sequence. According
to Ringwood (1933), provided thac the difference in electronegarivity berween two
1ons-does not exceed 1, Goldschmidt's rules of diadachy should apply. In the presnt
case it seems thar the difference in elecrroneparivicy berween Ba and 5r is
insufficient to prevent the smaller ionic radius of Sr from taking Precedence,
ensuring arly entry for Sr. According to Smich (1974), St tends in general to enter
plagioclase while Ba tends to remain in the crystallizing liquid, Sr replaces K in
atkali feldspar as well as ¢a in plagioclase, whereas Ba only significancly replaces
K in alkali feldspar, and thus Sr has affinities for plagioclas and Ba for alkali
feldspar (Sen 1960), Therefore in a suite of rocks as chose under discussion, in
which alkali feldspar becomes progressively more dominant wich evolution, an
increase in the Ba /Sr ratio is to be expected. This 15 supported by the fact that in
granitic rocks there is a weak positive correlation becween Ba /St ond Or content,
angl that syenitic rocks in alkali feldspar have unusually high Ba /Sr ratios (Smith
1974},

Each of the trace clements Ba, Rb and Sr have been plotted against K, MNa and
Ca. The most significant trends are the behavipur of 5r in plagioclase, and
variations in K /Rb ratios in coexisting feldspars. With differentation of the diorire
— monzonite — quartz-syenice suire absolure values of Srand Ca in plagioclase fall,
with the Ca/Sr ratio remaining almest constant ar abour 100 (Fig. 21D). The
constant, linear relationship between these elements has been commented on by
Herz & Dutra (1966), and the value of the average partition coefficient for the
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Husfjord rocks is close to the 120 for granodiorites reported by Kolbe & Taylor
(1966). In basic rocks the St content of plagioclase rises as Ca content falls (Butler
& Skiba 1962), while Sr has its greatest abundance in plagioclase in intermediare
rocks (Wager & Mirchell 1951), and the Sr content falls sympathetically with Ca
in acidic rocks (Sen et al. 1959, Hall 1967). This is because calcic plagioclase is
less efficient than sodic plagioclase at extracting Sr from the mele (Korringa &
Noble 1971). Another factor is that acid rocks contain more alkali feldspar which
removes from the magma some of the St which would otherwise go into plagioclase
{(Sen et al. 1959, Hall 1967, El Bouseily & El Sokkary 1975). This accords well
with the rrends of the Husfjord suite, in which alkali feldspar plays an increasingly
important part during differentation,

K /Rb ratios for coexisting feldspars in the diorite — monzonire — quUATtZ-SyEnite
suite are presented in Fig. 22, There is an enrichment in Rb both in absolute rerms
and with respect to K with differentiation, the series having an average K /Rb ratio
of about 240, a figure in agreement with the average K /Rb ratio for normal
igneous rocks (Taylor et al. 1956), although the possible range of values in igneous
rocks is quite wide (Herz & Dutra 1966, Shaw 1968). In a differentiation series
it is common for the K /Rb ratio to drop during fractionation {(Smith 1974) due
to the late incorporation of Rb into the K lactice site because of the relarively large
ionic radius of Rb (Nockolds & Allen 1953, Taylor er al. 1956, Taylor & Heier
1960, Heier 1962, Herz & Dutra 1966, Shaw 1968, Taylor et al. 1968). In
agreement with this principle, the coexisting feldspars in the diorite — monzonite
— quartz-syenite suite show a progressive drop in the K /Rb ratio with differen-
tiation.

Summary

In surmnmary it can be stared thar the chemical trends exhibited by both the whole
rock and the feldspar analyses indicate thar che diorite — monzonite — quartz-
syenite suite forms a petrogenetic series. This suite was emplaced just after the peak
of the regional metamorphism and its petrogenesis is assoctated with thar event,
as discussed below,

D. Petrogenesis

The members of the Husfiord igneous complex span a time interval from late-D,
(Husfjord metagabbro) to syn-D. (Vatna gabbro and irs associated alkaline rocks),
During this interval the Finnmarkian orogeny reaches its strucroral and mera-
morphic peak, and the complicated igneous history is closely relaced to the
development of the orogen.

In this part of the Seiland province, intrusive igneous activity evolved from
low-K tholeiitic magmas through high-K calc-alkali and possibly eransitional
high-K basaltic magmas to alkali olivine basalt, and finally highly differentiated
alkali magmas and carbonarices (Robins & Gardner 1975). This general chemical
trend in the development of the Seiland igneous province is linked by Robins &
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Gardner to a long-lived mantle diapir complex in the asthenosphere above a
subduction zone dipping eastwards beneath the Baltic plate, and becoming
progressively sreeper with rime. This mantle diapir would have been the source
of the essentially basic and ultrabasic Seiland pluronic complex, the upper part
of which has been displaced to the southeast by nappes which decapitated the
mantle diapir (Ramsay 1973). The root of the diapir may underlie 5. W, Soray
where there is a high positive gravity anomaly approaching 100 mgal (Brooks
1970}, This positive anomaly, indicating the presence of mafic and ultramafic
rocks, is thought to continue southwestwards along the coast of Loforen (Brooks
19701,

The Husfjord metagabbro is a product of the firse phase of magmaric ACTIVitY
associated with the mantle diapir, late in D, Field, mineralogical and chemical
characreristics of the Storelv and Breivikbotn gabbros of Sarey (Stumpfl & Scurt
1965, Sturt & Taylor 1972) indicare thar these are probably contemporaneous with
the Husfjord metagabbro. The later Vaena gabbro and its associated syenitic rocks,
however, are likely ro be coeval with the syn-D, syenogabbros of Seiland (Robins
& Gardner 1975),

The emplacement of the mande diapir into the crust would have caused
considerable heating of the merasedimeneary pile. It is significant that che peak
of the regional metamorphism was closely followed by the emplacement of the
diorite — monzonite — quartz-syenite complex, and this suite was probably
generated from lower cruseal material fused by the heat of metamorphism and the
mafic mantle diapir.

Gaseil (1975) considers thar magmas from the mantle intruded into the crust
overlying a subducrion zone could cause the generation of welts of ronalitic magma,
from which plutons mighe arise. Dioritic magmas generated by anacexis of crustal
rocks would possibly be in the form of crystal mushes under conditions of normal
regional metamorphism, bur would contain a higher proportion of liquid if
additional heat is introduced by the emplacement of basic or ultrabasic magemas
in the region (Wyllie 1977). In the Husfjord area considerable additional hear was
introduced by the rising mantle diapir which was the parent of the abundant basic
and ultrabasic plurons of the Seiland province. The volume of melt which can form
by anatexss is also dependent upon the quantity of water available, which is
essentially controlled by the amount of hydrous minerals, such as biotite and
amphibole, in the crustal rocks (Fyfe 1973): chese minerals are abundant in the
schises of the Sarey succession. One of the producrs of the breakdown of biorite
on melting of paragneisses can be hyperschene (Biisch et al, 1974), which is the
main mafic mineral in the Havnefjord diorite and monzonites, and the extensive
breakdown of biotite to form pyroxene lowers the solidus remperarure of the gneiss
(Busch er al. 1974). The intrusive hypersthene-tonalites in the Rio de Janeiro
region are thought by Leonardos & Fyfe (1974) o represent extreme products of
progressive melting of lower crustal rocks. Hoschek (1976) found thar a gneissic
assemblage of biotiee, plagioclase and quartz began melting berween 650° and
725°C at 4 kb Py,q according to the composition of the plagioclase, although
these temperacures would be lower ar higher Py,q, and Lappin & Hollister (1980}
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produced a tonalitic melt by melting a hornblende-plagioclase-biotite-quartz
gneiss berween 675° and 750°C at 6-8 kb PH;0.

Wyllie (1977) suggests that dioritic plutons can result from the more refractory
components during crustal anatexis, the more siliceous and alkali-rich volacile-
bearing fractions producing smaller bodies of granitic rocks at higher levels. Studies
of the system Ab-An-Or-5i0,-H,0 by Presnall & Bateman (1973) confirm that
it is possible to produce a suite of granitic rocks, as in the Sierra Nevada batholich,
by fractional crysrallization of a parental dioritic magma produced by equilibrium
fusion ar the base of the crust (Presnall 1979), The Husfiord monzonites and
quartz-syenices are small, lare, coarse-grained bodies produced by fracrionation of
the dieritic magma, and developed as late-stage pegmatitic fluid-rich phases,
probably due to vapour saturation at points where crystallization of the diorire was
more advanced (Whitney 1973). This could explain their common occarrence
alongside the larger merasedimentary rafts in the diorite where cooling and slight
contamnination would promote crystallization. The small diffuse xenoliths in the
diorite and monzonites may represent relict metasedimentary material which had
resisted melting (Presnall & Bateman 1973, White & Chappell 1977). Experi-
menral work on the fusion of sedimenes shows that the melang curve of shales
is only about 20°C higher than the minimum meltng curve of granite in the
presence of warter, and assuming a geothermal gradient of abour 30°C /km, shales
would melt in the depth range of 20-25 km (Wyllie & Tuccle 1960, 1961). It
is deduced from the mineral paragenses of the Husfjord rocks thae the approximate
depth of the regional metamorphism ar 1es peak was greater than 20 km, and the
remperature in excess of abour 620°C; temperatures at greater depths where the
dioritic magma developed would have been higher.

If shales are completely meleed they would produce magmas of intermediare
composition but which have different chemical characteristics from meles produ-
ced from igneous parents by fractionacion (Wyllie & Tuecle 1961). The main
difference is that rocks formed from fused shales are richer in aluminium, and this
can somerimes cause the crystallization of aluminous phases (Wyllie & Tuttle
19613, Members of the diorite — monzonite — quartz-syenite suite are plotred on
Fig. 23, and compared with average diorites and monzonites (Nockolds 1954) and
with the Plauen quartz-syenite (Johannsen 1932). Each group of rocks from
Husfjord is, on the whaole, more aluminous than its equivalent from the licerature,
suggesting that they may have originated from the melting of metasediments, This
relatively high aluminium content may account for the presence of occasional
garnets in some of the quartz-syenites, for the occurrence of garner in granitic rocks
is considered by Green (1976) to suggest an origin by equilibrium fusion of pelites.
The fact that garnet rather than cordierite has formed indicates that the depth of
generation of the magma from metasedimentary marerial was in the order of 25
km or more (Green 1976), although the presence of Mn can lower this a licle
Green 1977). The average of 235 shales (Pettyjohn 1949) is also ploteed on Fig.
23, and this falls very close to the average composition of the whole diorite —
monzonite — quartz-syenice series, which must represent the bulk composition of
the parent material of the suite. Thus the diorite — monzonite — quartz-syenice
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Fig. 23, Compositon of the dworite — monzonite — quarcz-syenite suite compared with avETREE
igneaus tocks and shales, Average of 50 dionices and 46 monzonices from Nockelds (19543, Plauen
quarez-syemite feom Johannsen (19323, and average of 235 shales from Pertijohn ( F949),

series could have been generated by fusion of metasediments at abour 25 km depth
in the crust at the peak of the regional metamorphism, with additional heat being
provided by the rising mantle diapir above the subduction zone.

III. Metamorphism

The racks of the Husfjord area have undergone two major episodes of Finnmarkian
deformarion, D, and D.; the regional meramorphism began during [, increased
to its peak berween D) and D, and waned during D;. Thus the character of the
metamorphism varied from being syntectonic during the more intense deformation
phases, to essentially static between Dy and D,, and superimposed upon this
regional metamorphism were thermal metamorphic effects of some of the igneous
intrusions. These metamoephic phases are discussed below chronologically, and
the relationships berween the metamorphic, tectonic and igneous events are
summarized in Fig, 24,

The earliest D, fabric recorded isa weakly developed schistosicy, which is folded
around later isoclinal D, minor folds. The mineralogy and textures formed in the
metasediments during the syn-D| meramorphism have been destroyed in places
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Sillimanite Formation
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Fig, 24, Diagrammaric summary of the meramorphie, tectonic and igneous events in the Husfjord
arva Juring the Caledonian (Finnmarkian) oregeny, Solid remperature curve represents regional
metamorphism; doteed temperature curves represent thermal metamorphisms superimposed upon
regional meramorphism.

by thermal metamorphism by the Husfjord metagabbro, and in many cases cthe
hornfelsic texture has been overgrown by a later regional metamorphic fabric.
The regional metamorphism reached its peak in the sillimanite-almandine
subfacies of the almandine-amphibolite facies (Turner & Verhoogen 1960),
between the two major episodes of deformarion. This period of static recrystalli-
zarion in rthe councry rocks is characrerized by development of porphyroblasts of
garnet, kyaniee and sillimanice. Garmet overgrows the Iy schistosity, and is
occasionally augened by the D foliation; in some cases rotation has ocourred.
Fibrolite has nucleated on some garnets during progressive metamorphism, while
other later garnets have formed retrogressively from kyanite and biotite. Kyanite
and sillimanite appear to coexist stably in many rocks, suggesting that the
prevailing conditions were near those at the kyanite/sillimanite boundary,
although reaction between the polymorphs was sluggish. In the Husfjord
metagabbro clinopyroxene has altered to green hornblende, with a concomitant
decrease in the An-content of the plagioclase. The psammites and semipelites of
the country tocks in the sourhwese have undergone migmatization associated with
the peak of the regional metamoprphism, In the mose intensely migmarized pares
fibrolitc sillimanite sometimes occurs along alkali feldspar grain boundaries (Fig:
L), and appears to be related to the migmarcization. These fibrolites could either
form from ions migrating along grain boundaries, or from constiruents which were
derived from the neighbouring crystals; the lacter seems more likely for three
reasons. First, fibrolite is essentially restricted to feldspar /feldspar contaces; second,
fibrolice needles commaonly penetrate into the neighbouring grains; and third,
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Fig. 25, Swabiliry fields of Mg-cordierite: (Newron et al. 1974) and the ALSIO. polymorphs
(Richardson er al, 1969). Depeh scale afrer Wyllie (1979

fibrolite is occasionally involved in myrmekitic intergrowths which have formed
between alkali feldspar and plagioclase. Sturt (1970 has described the develop-
ment of fine-grained sillimanite ar feldspar /feldspar boundaries, usually associ-
ated with myrmekite, in the aureole of the syn-orogenic Hasvik gabbro. in
southwestern Seroy. He proposed that chese formed from exsolution of excess Si
and Al from the feldspars, and suggested that the location of sillimanite nucleation
at certain sites may be influenced by the level of chermal stress ser up in the minerals
during metamorphism,

After the Husfjord meragabbro had been amphibolitized during regional
metamorphism, it was locally thermally metamorphosed by the early pyroxene-
miica diorites. The diorites themselves have not been amphibolitized, and clearly
postdate the peak of the regional meramorphism, The Havnefjord diorite has
meramorphosed the Husfjord meragabbro up to the hornblende hormfels facies,
and many of the metasedimentary rafts in the diorite have been hornfelsed ar cheir
margins, particularly the semipelites. In many cases, the D, schistosity has been
obliterated, while in others it remains as a relice texture only discernible by the
presence of biorite-rich bands. Regional metamorphic garnets have broken down
to fibrolice, biotite and iron oxides, and the absence of new garner indicares thar
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the temperature of regional metamorphism had dropped beneath that of che garnet
isograd by this time. The monzonite sheets thermally metamorphose the neigh-
bouring Havnefjord diorite, in which a fine-grained granoblastic hornfels of
hypersthene, clinopyroxene and plagioclase is developed. Hornfelsic texrures also
develop in the metasedimentary xenoliths wichin both the monzonites and the
(JUArCZ-SyCnites,

While the diorite — monzonite — quartz-syenite complex and the Vatna gabbro
were being emplaced the regional metamorphism continued to wane, so thar by
the end of D, it had reached greenschise facies conditions. The members of the
diorite — monzonite — quartz-syenite suite and the Varna gabbro, therefore, show
a low grade of metamorphism, while retrogressive alteration is evident in the
Husfjord meragabbro and some of the country rocks and metasedimentary ratrs,
In the cale-silicate schists of the country rocks the granular horofelsic texture
produced by the thermal effects of the Husflord meragabbro has been overprinted
bwv a regional metamorphic texture and mineralogy. In the Havnefjord diorite and
monzonites, hypersthenes are somerimes in the process of alrering to bionre where
they make conract with alkali feldspar, and a similar phenomenon occurs in the
early diorires within the Husfjord metagabbro. These biotires generally contain
vermicular inclusions of quarrz (Fig. 12); similar textures, in which biorire /quartz
symplectite has develaped at the expense of hypersthene, have been described by
Sederholm (1916), The Vamna gabbro is only slightly metamorphosed with
alivines scarcely altered and augites sometimes fringed by a lirtle biotite. The
perthosites show early stages in the development of swapped rims at the boundaries
of perthite grains.

Discussion

The inter-relationships berween the regional metamorphism and cthe thermal
metamorphic effects of the incrusions show chat the emplacement of the Husfjord
plutonic igneous complex was protracted, and took place synchronously wich
metamorphic and structural events during the Finnmarkian phase of the Caledo-
nian Orogeny,

The regional meramorphic mingral parageneses indicate thar pressures con-
tinued to be relatively high throughour the period of metamorphic recrysealli-
zation. The absence of andalusite and the coexistence of kyanite and sillimanice,
the former sometimes in the process of aleering o the laceer, indicate thar pressures
were in excess of the aluminium silicate triple point at 5.5 kb (Richardson et al.
1969}, representing a depth of abour 20 km (Wyllie 1979}, see Fig, 25.

Temperatures during the thermal metamorphism caused by the Havnefjord
diorite, which was emplaced soon after the peak of the regional metamorphism
into already hor rocks, must have excesded 622°C (Richardson et al. 1969) since
sillimanite was formed in the hornfelses. Although the composition of the
rock may have had some control over the formartion of cordierite, the absence of
cordierire from these hornfelses 1s probably mainly due o high pressures. Fig. 25
shows the upper pressure stability limit of anhydrous Mg-cordierite (Newron et



44 DAVID L. SPEEDY MAN

al. 1974), although this stability is lowered as Fe replaces Mg (Holdaway & Lee
1977). Cordierites in pelitic hornfelses usvally contain a considerable percentage
of the Fe molecule (Leake 1960}, so the stability limit shown in Fig, 25 should
be raken as a maximum for the present situation, At higher pressures, instead of
cordierite, orthopyroxene, sillimanite and quarcz would form (Newton er al.
1974}, an assemblage which is present in the pyroxene-hornfels xenolichs within
the Havnefjord diorite. This cordierire reaction curve forms an Upper temperarure
limit within the sillimanite field for the thermal metamorphism ascribed to the
incrusion of the Havnefjord diocice,

As deduced from the metamorphic mineral parageneses, Fig. 25 shows the
approximare peak of the PT regime that must have prevailed in the environment
of the Husfjord plutonic complex during s emplacement.
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