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Dilational mafic dykes intruded during and after the second phase of early Caledonian deformation in the 

Seiland province were emplaced into complex fracture systems. Despite subsequent metamorphism, 

some dykes retain chilled margins, internal boundaries reflecting several magmatic pulses, central 

concentrations of phenocrysts, ocelli, and ultramafic nodules. Olivine, aluminous clinopyroxene, 
labradoritic plagioclase, nickeliferous pyrrhotite, magnetite-hercynite ss., ferri-ilmenite, the absence of 
Ca-poor pyroxene, and groundmass olivine in the freshest dykes indicate alkali olivine basalt affinities. 

The dykes have a mean major-element composition in the alkali picrite range, and the chemical variation 

is explained by accumulation of olivine and clinopyroxene. Na and K variations appear to be inherited 

from a pre-accumulation history. Mean Rb/Sr, K/Rb, K/Sr, and Y/Nb ratios correspond with common 
basalts, Ca/Sr is high and K, Nb, Zr, Rb, and the REE are positively correlated. Normalized REE 
patterns vary in absolute enrichment, but are light-REE enhanced. The primary magmas were generated 

by varying degrees of partial metting of an inhomogeneous mantle. 
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The Caledonian magmatic activity of the north
em and eastern parts of the Seiland province of 
northern Norway is believed to have evolved 
from low-potassium tholeiites emplaced early in 
the tectono-thermal cycle to more alkaline 
magmas intruded during the later stages of the 
plutonic development. This is reflected in the 
variations in composition and character of the 
major and minor intrusives of the region (Robins 
& Gardner 1975). 

The earliest major intrusions are tholeiitic 
layered gabbros which were emplaced either 
during the course of the first phase of deforma
tion (D1) of the late Precambrian to Cambrian 
shelf-type sediments, or during the peak of the 
Barrovian almandine-amphibolite facies meta
morphism which followed (Ramsay & Sturt 
1963, Roberts 1968, Sturt 1969, Sturt & Taylor 
1972). An example of this dass of pluton, the 
subject of a detailed petrological investigation, is 
the Hasvik gabbro (Fig. l (1)), which preserves a 
typically tholeiitic chilled margin and cryptic 
layering (Robins & Gardner 1974). Anatexis 
within the contact metamorphic aureo1e of this 
intrusion has been dated at 530 ± 35 m.y. by 
Rb/Sr whole-rock isochron using the 1.39 X w-u 

yr-1 decay constant for Rb87 (Pringle & Sturt 
1969). 

Tholeiitic basalt magmas were followed early 
in the prolonged second phase of deformation 
(D2) by the emplacement of suites of high-potas
sium calc-alkaline plutonics ranging from low-si
lica diorites to monzogranites. These were sub
sequently re-intruded by widespread gabbros 
associated with pertbositic syenite derivatives 
(e.g. , Fig. l (3)), possibly representing the 
eruption of basalt magmas of transitional chem
istry (Robins & Gardner 1975). 

The involvement of magmas of alkali olivine 
basalt affinity during the late-D2 and post-D2 
evolution of the Seiland province is suggested 
by: 

The mineralogy and chemistry of the late-D2 
layered 'clinopyroxene' gabbros, as exempli
field by the Rognsund intrusion (Fig. l (4)). 
In particular, the aluminous and under
saturated composition of their single pyroxene 
has been interpreted in terms of a nepheline
normative basaltic parent (Robins & Gardner 
1974); 
The presence of tectonite-type lherzolite 
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nodules in occasional bojitic or picritic dykes, 
some of which were emplaced into the 
Rognsund gabbro before the development of 
the evolved alkaline rocks. The major-ele
ment geochemistry of three of the dykes also 
supports alkali basalt-type activity (Robins 
1975); 
The general contemporaneity of some basic 
dykes with the late-orogenic alkaline rocks 
belonging to the alkaline pyroxenite-syenite 
and nepheline syenite-litchfieldite suites, and 
also with carbonatites (Sturt & Ramsay 1%5, 

PERlOOTITE 
CUNOPYROXENE 
GABBRO$ 

SYENOGABBROS 
THOLEIITIC GABBRO$ 
DIORITES 

METASEDIMENTS 

Fig. I. Generalized geological 

map of the northem and eastern 
parts of the Seiland province 
(after Robins & Gardner 1974), 
showing the locations of the 
sampled dyke complexes. The 
numbered intrusions referred to 
in the text are as follows: l -

the Hasvik gabbro; 2- the 
Lille Kufjord gabbro; 3 -the 
Seiland syenogabbro; 4 - the 
Rognsund gabbro. 

Robins 1972, 1974), suggests alkali olivine 
basalt magmatism. 

Definitive evidence of the intrusion of alkali 
olivine basalt magmas during the later stages of 
the Caledonian plutonic evolution of the Seiland 
province is restricted to the three major-element 
analyses of the nodule-bearing dyke rocks men
tioned above, and five major-element analyses of 
the syn-D2 basic dykes emplaced into the Hasvik 
gabbro (Fig. l )  (Robins 1975, Robins & Gardner 
1975). 
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Fig. 2. Mafic dykes with dis tinet chilled margins truncating the deform ed rhythmic layering of the Rognsund gabbro and 

cut by a sheared amphibole syenite pegmatite, illustrating the type of criteria by which the emplacement of the dyke 

complexes rna y be dated. 

The petrological analysis of widespread late
D2 and post-D2 dyke swarms present in the 
Seiland area reported here, was undertaken with 
the specific aims of defining the affinities of the 
basic and ultrabasic magmas emplaced during 
the later plutonic development of the Seiland 
province and to relate them, if possible, to the 
synchronous major layered intrusions. An inter
pretation of dyke chemistry als o necessitates the 
consideration of possible chemical changes in
duced by subsequent deformation and metamor
phism in the almandine-amphibolite and green
schist facies. 

General description of the dykes 
and dyke complexes 

Timing of emplacement 
A variety of dyke complexes exposed along the 
coastlines of Seiland and Stjernøy were sampled 
(Fig. l ), the majority being situated within syn
D2 clinopyroxene gabbros, with some emplaced 

in the slightly earlier syenogabbros, the post- or 
late-D2 tholeiitic Lille Kufjord gabbro (Fig. l ,  
(2)), or the post-D2 nepheline syenite intrusion 
on Stjernøy. 

In each case, the known relative age of the 
host provides an upper age limit for the dykes 
emplaced into it. Thus the dykes emplaced into 
the syenogabbros or the perthositic syenite of 
Stjernodden (BD 76-89) can be expected to span 
a wider age spectrum than those cutting the later 
nepheline syenite. All of the dykes studied are 
believed to have been emplaced after the major 
episode of folding beginning the second phase of 
regional Caledonian deformation. Only those 
dykes sampled from Oldervik (Hakkstabben) 
(BD 90-95, 108-117) are from a metagabbro host 
of syn-D1 age; many of these are relatively 
undeformed and cut irregular coarse-grained 
picritic bodies emplaced into the metagabbro 
during the second deformation phase. Dykes BD 
24-36 were, however, collected from a gabbro of 
unknown relative age (Robins 1971). A lower 
limit for the length of time during which the 
sampled dyke complexes could have been em-
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placed is determinable in those cases where dis
tinctive later intrusions, such as members of the 
alkali ne suites, cut the earlier complexes. By this 
means, it can be established that the dykes BD 
1-23 and 67-75 were intruded between the em
placement of the Rognsund gabbro host and 
amphibole syenite pegmatites which cross-cut all 
the basic intrusions (Fig. 2). The majority of the 
dykes within the nepheline syenite were prob
ably emplaced during a much narrower time
span, being post-dated by carbonatitic activity. 
The maximum intervals of relative time available 
for the development of the sampled dyke com
plexes are illustrated graphically in Fig. 3. 

External features 
Basic dykes and dyke complexes, in varying 
states of preservation and of different ages, are 
ubiquitous features in both metasediments and 
major intrusions alike in many parts of the 
Seiland province. At some localities, dyke com
plexes reach an extraordinary density, though 
linear swarms are not developed on more than a 
local scale. The orientation of dykes appears to 
be a result of local stress fields combined with 
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Fig. 3. Summary diagram for the plutonic 
evolution of the northern and eastern 

parts of the Seiland province, the maxi

mum intervals of time available for the 

emplacement of the sampled dykes, and 

the hosts to the various dyke complexes. 
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Fig. 4. Stereographic projection of poles to 50 dykes in the 

Grandnes dyke complex demonstrating their random orienta

tion relative to that of the rhythmic layering and tectonic 
fabric of their host. The absence of tlat-lying intrusions 

may be a consequence of the essentially two-dimensional 

exposures. 
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Fig. 5. A general view of a typical dyke complex at Grandnes, the locality at which samples BD 1-23 were selected. Note 

the several generations of mafic dykes, their intricate form, and the deformed syenite pegmatites which cut all the intrusions. 

fracture patterns existing at the time of magma 
ingress. 

The foliation or rhythmic layering of igneous 
host rocks played a subordinate role in the 
localisation of the minor intrusions. This is 
typified by the dyke complexes developed within 
the Rognsund intrusion. The latter exhibits a 
foliation parallel to the primary rhythmic layer
ing as a result of the further progress of the 
second-phase deformation. Deformation re
sulted in the shape orientation of plagioclase, 
clinopyroxene, Fe-Ti oxides, and small amounts 
of olivine. During primary recrystallisation and 
normal grain growth, this assemblage was re
placed by finer-grained plagioclase, clinopyrox
ene, and amphibole; orthopyroxene, together 
with magnetite, resulted from the oxidation of 
olivine. The foliation is not a penetrative 
structure throughout the gabbro, but is quite 
strongly developed within the areas of the sam
pled dyke complexes. Strong lithological con
trasts also exist between some layers in the host. 
·aabbroic anorthosite and magnetite- and ilme
nite-rich metagabbro are the extreme rock types 
encountered but the majority of the dykes are 

emplaced in a mesotype gabbro varying in colour 
index. However, neither the rhythmic layering 
nor the impressed foliation are preferentially 
followed by dykes. They behave as if entering 
a fractured isotropic medium (Fig. 4). The main 
features of this particular complex are the res ult 
of several episodes of intrusion (Fig. 5). Branch
ing and interconnecting dykes are less frequent 
than those occupying a single, although compo
site, fracture, cross-cutting and chilled against 
earlier intrusions. The dykes often have highly 
variable directions, and it cannot be demon
strated that individual generations have 
characteristic trends. 

A similar situation is encountered in the basic 
dyke complex emplaced into part of the Lil
lebukt nepheline syenite, with the exception that 
the dykes are mainly the result of a single 
intrusive episode which led to the formation of a 
plexus of interconnected sheets and dykes 
(Ramsay & Sturt 1970). Dyke intrusion was 
guided by pre-existing fractures; the orientation 
of individual dykes shows little regard for the 
composite magmatic/metamorphic fabric of the 
syenite (Fig. 6). 
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Despite subsequent metamorphism and an 
often complex history of deformation, the ma
jority of the dykes sampled for this study pre
serve evidence for a dilational origin, and in 
some cases also for the later evolution of the 
dyke fissure by stoping. In a series of figures, 
Ramsay & Sturt (1970) illustrated the preserva
tion of such delicate structures as wedge-shaped 
apophyses passing into either planar or curved 
hair veins. Typical of the dykes within the 
nepheline syenite, and the region generally, is 
the inconsistency in their courses, often related 
to fractures crossing the direction of dyke prop
agation. Deflection of the dykes is frequently 
accompanied by extension of the main fissures 
beyond the deflection as 'horns', i.e. intrusion 
wedges or veins (Fig. 7). Harker (1904, 1909) and ' 
Kaitaro (1952, 1953) b-elieved that dyke offsets 
originated by the emplacement of magma either 
into a zig-zag fracture or along near-parallel 
fractures which became cross-linked during dila
tion. Recently, this simple explanation has been 
challenged by invoking a low-viscosity and high
velocity fluid moving stepwise before the main 
body of magma as necessary for the preliminary 
opening of the dyke fissure (Currie & Ferguson 
1970, Ferguson & Currie 1972). These authors 
argue that horns must have been emplaced be
fore the cross fissure opened, and that the direc
tion of dyke propagation was across the offsets. 
However, horns passing into basalt-filled hair
cracks are interpreted by Rams.ay & Sturt (1970) 
in terms of the wedging and fracturing action 
which a fluid magma under high hydrostatic 
pressure can exert on protrusions at any stage of 
its emplacement (Anderson 1951, Hills 1963). 

There is abundant evidence in the form of the 

N 
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Fig. 6. A lower hemisphere 

stereographic comparison of the 

orientation of 137 principal sheets 

and dykes emplaced into the 

Lillebukt nephe1ine syenite (after 

Ramsa y & Sturt 1970) and the 

pre-existing fabric of their wa11 

rocks (after a diagram prepared 

by I. Bryhni). Dykes are related 

to fractures, which apparently 

shun the p1anar foliation of the 

nepheline syenite. 

sampled dykes that Harker's mechanism is es
sentially correct. The process of linkage of over
lapping adjacent fractures propagating at various 
angles to the offsets is displayed in several 
instances in arrested stages (Figs. 7a and b). The 
dilation of adjacent fractures led to the building 
up of hending and tensional strains in the con
necting strap and finally to rupture. The break 
may be a surface or surfaces subnormal to the 
connection, or fractures opened from the point 
of maximum hending (Fig. 7c). A sharp brittle 
break is the usual result. In other cases, plastic 
deformation bad occurred in the connection be
fore fracture (Fig. 7d). These differences in 
behaviour are possibly due to variations in the 
distance of separation of the original fissures and 
their rate of dilation. 

The evolutionary stages outlined above often 
led to the incorporation of slivers and blocks of 
the wall rocks into the magmas occupying and 
moving within the dyke fissures. The 
characteristic match of the walls of an initially 
dilational intrusion can thereby have been de
stroyed as it widened and the stoped material 
was flushed along with the intruding magma 
(Fig. 7e). 

Primary internalfeatures 

Chilled margins against the host and earlier 
dykes are present in the least metamorphosed of 
the sampled dykes (Fig. 2). However, tectonic 
stresses may subsequently have been relieved 
along contacts and apophyses, resulting in fine
grained schistose marginal facies. Hornfelsing of 
amphibolitised dykes in the inner parts of con
tact metamorphic aureoles also produced 
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pseudo-chilled margins composed of fine

grained granular assemblages of anhydrous 

phases. These margining zones can be distin

guished from the results of rapid cooling by their 
ability to follow tectonic junctions - for instance, 

the fractures separating individual boudins. 

Internal chilling, indicative of widely sepa
rated episodes of intrusion, has been observed 
only in a single case. However, faint internal 
boundaries suggestive of several magmatic 
pulses are present in some dykes, and may have 
escaped notice in others. In spite of the several 
intrusive events represented in most of the dyke 
complexes, definitely composite and multiple 
dykes are disproportionally rare. 

Phenocrysts up to a few millimetres in diame
ter are a common feature within the sampled 
dykes; some rare examples contain mega
phenocrysts up to several centimetres across. 
Olivine is most frequently the dominant 
phenocryst phase, clinopyroxene is not uncom
monly in excess, but plagioclase is rare as 
phenocrysts. Olivine in particular, is irregularly 
distributed in certain intrusions, being con

centrated towards dyke centres, suggestive of 
flowage differentiation. 

Occasional dykes are ocellar, containing 
rounded patches and schlieren of rather coarse
grained syenitic material (Fig. 7b). These are 
never abundant, being restricted to a few iso
lated patches along an exposed length of several 
metres for the host dykes. The syenite has not 
been examined petrographically but the shape of 
the ocelli suggests that they cannot be simple 
xenoliths; it is, nevertheless, a possibility that 
the syenite was derived from older perthosites as 
fragments which were fused during transport 
from their site of detachment, and partly mixed 
with the containing basalt. 

The ultramafic xenoliths enclosed within some 
of the dykes emplaced late in the plutonic de
velopment of the Seiland province have been 
described in detail in an earlier account (Robins 
1975). The cumulate-type nodules are in
terpreted either as cognate inclusions or in
corporated xenoliths of local intrusions. The 

lherzolitic nodules with tectonic fabrics and tex
tura! evidence of partial equilibration along a 
decreasing P-T gradient are, on the other hand, 
believed to be xenoliths derived accidentally 

from the mantle beneath the province, or from 
mantle-derived diapiric intrusions, during the 
emplacement of volatile-rich alkaline magmas. 
Although not included in the present analytical 
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study, the nodule-bearing dykes are of the same 
general age and are found together with the 

dykes described. 

S econdary internat features 

Deformation and metamorphism, as well as 

further magmatic and metasomatic events, are to 
varying degrees represented in the interiors of 
many basic dykes. Their wholesale reconstitu
tion within the fenite aureoles of later alkaline 

intrusions is particularly striking and is de
scribed in another account (Robins & Tysseland 
1979). 

Since the dykes are more ductile than their 
mainly gabbroic surroundings, boudinage is un
common. Deformation is often confined to 
within the dyke walls, apart from shear zones 
which cross hosts and dykes alike. This is true 
ev en within the perthositic syenite and nepheline 
syenite, and contrasts with the reversed relation
ship which exists between dykes and 
metasedimentary hosts. In the latter, the main 
deformational mechanisms were boudinage and 
folding, depending on the orientation of the 
dykes with respect to the ambient stress fields. 

The onset of deformation is marked in those 
dykes which were favourably orientated by 
schistosities at external contacts and within thin
ner apophyses. The most usual orientation of the 
later fabrics is parallel or subparallel to the dyke 
elongation. With more intense deformation, 
penetrative planar or sigmoidal schistosities may 
result, the schistosity in the latter case swinging 

into parallelism with the contacts near the mar
gins. Primary external contacts are eventually 
destroyed as dykes become intersheared with 
their hosts. At the same time, an internat folia
tion can be developed due to metamorphic 
segregation of originally homogenous lithologies, 
the deformation of primary inhomogeneities, or 
to the shearing together of dykerocks and later 
dykelets and veins. 

The most strongly foliated and reconstituted 
dykes within gabbro contain a relatively high 
proportion of biotite, while the majority are 
either nematoblastic to granoblastic amphibo
lites or contain varying amounts of minerals 
relict from the igneous paragenesis. Biotite-rich 
examples may represent originally K20-rich in
dividuals of a varied dyke population; alterna
tively they may be the result of allochemical 
metamorphism. That the former is the most 
probable is suggested on the basis of correlation 
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Fig. 7 A. - A thin dyke occupying two parallel and virtually unconnected fractures. The overlapping ends of the two 

separated parts of the intrusion taper, such that the overall dilation is nearly constant along its length. Failure of the 

connecting strap caused by tensional and hending strains is arrested at an early stage; shear fractures cross-connecting 
the two ends are occupied by thin amphibolite veins. B. - An ocellar basic dyke with distinctly chilled margins representing a. 



NORSK GEOLOGISK TIDSSKRIFT l (1979) 

analysis reported later. Biotite is a particularly 
common mineral within the dykes emplaced into 
the Nabberen nepheline syenite, Lillebukt . The 
host is also enriched in biotite in zones up to a 
few cm wide against the dykes, suggesting out
ward migration of (Mg, Fe) O from the dykes and 
inward movement of K20 from the nepheline 
syenite during metamorphism. 

Sampling 

In order to minimize the possibilities of diffusive 
contamination during post-intrusion Barrovian 
metamorphism, sample sites were deliberately 
restricted, with one main exception, to dyke 
complexes developed in gabbroic hosts (Fig. l ) .  
A small sample of the numerous, but megascopi
cally rather uniform amphibolitic dykes cutting 
the main nepheline syenite intrusion in the Lil
lebukt alkaline complex of Stjernøy was col
lected for comparison. Sampling was undertaken 
with the view to evaluating the effect of a very 
different chemical environment on the chemistry 
of the dykes during subsequent metamorphism. 

Only unweathered and homogeneous dykes of 
mafic composition were sampled. Strongly de
formed examples which had acquired a banding 
were excluded, as were those very coarse
grained intrusions of gabbroic, eucritic, allivali
tic and peridotitic composition which pose a 
separate problem of interpretation. Dykes con
taining diffuse segregations of syenite do not 
form part of the collection. However, samples 
free of syenitic material were collected from the 
rare ocellar dykes . A high content of 
phenocrysts was not employed as a basis for 
rejection; dykes contaminated by lherzolitic 
nodules or obvious xenocrysts, are not, how
ever, included in the analysed samples. 

At each sample locality, an attempt was made 
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to collect a single large specimen from each of 
the minor intrusions meeting with the specifica
tions outlined above. However, due to the ef
fects of metamorphism, there can be no 
guarantee that some dykes were not sampled 
twice, or that apparently separate intrusions 
form a single interconnected swarm. The ma
jority of the dykes emplaced into the nepheline 
syenite appear to belong to the latter category 
(Ramsay & Sturt 1 970) and sampling was, there
fore, limited to six specimens. Later observa
tions prove, however, that ev en here at !east two 
intrusive episodes are represented, separated by 
the emplacement of litchfieldite pegmatites . 

To reduce the original random sample of 126 
dykes to a manageable size for major- and trace
element analysis, a further selection process was 
employed, based on macroscopic comparison of 
hand specimens. Apart from four dyke samples 
from the nepheline syenite, forty-four specimens 
were c hosen in this way as representative of the 
variety present in the dykes of the region as a 
whole; their petrography and chemistry were 
studied in detail . The petrographic description of 
the dykes given later, however, is based on a 
larger number of thin sections. The method 
employed in resampling the original sample has 
an important implication; since the procedure 
was non-random, the analytical data presented 
later are not amenable to rigorous statistical 
treatment. 

Petrography 

The sampled dykes vary in petrography from 
examples in which there is nearly complete 
preservation of primary textures and mineral
ogies to individuals in which amphibolitisation is 
total . During routine petrographic examination, 

more evolved stage than the dyke shown in Fig. 7. The connection between the initial overlapping, parallel, dilated 
fractures failed, and the dyke walls have moved away in a unified manner. Note that failure was initiated at three separated 

places: the obvious fracturing dose to the centre of the connecting strip and normal to it; and at two less weU-marked 
places at the points of maximum convex curvature dose to the ends of the earlier connection. Note how the chilled 

margins thicken in the 'horns', possibly due to their being occupied by more or less stagnant magma. 

Fig. 7 C. - Detail of the end of a rather thick earlier connecting strip, illustrating failure under tension at the point of maximum 
curvature (cf. Fig. 8). The opened wedge appears to extend inwards to a neutral point; propagation of the fracture through the 

connection was prevented by the compression which existed further towards the concave side. However, a faint shear fracture 

which cuts through the zone of compression could have been utilised by the moving magma with the consequent tearing loose 

of the block observed in other dykes. The 'horned' dyke postdates the thin dyke in the upper part of the photograph. 
D. - 'Homed' dyke in which the curvature of the foliation in the adjacent gabbro suggests that plastic deformation occurred 

in the strip separating the initial parallel dykelets before fracture. The dyke is cut by a thin vein of gabbroic composition. 
E. - Branching 'horned' dyke in which dilation of the two overlapping fissures which led to the thickest branch caused the 

strip linking opposite walls to be broken loose. The resulting xenoliths do not seem to have been transported far by sub

sequent magma movement. 
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Fig. 8. Compositional zoning at the margin of a clinopyroxene phenocryst, picked out by the density of hercynitic spinel plates. 

Spinel grains surrounded by haloes free from lamellae probably indicate redistribution of the exsolved spinel. Black areas 

concentrated towards the core of the phenocryst are thin ilmenite plates. 

it proved possible to group dykes into the follow
ing classes according to the degree of preserva
tion of pyrogenic minerals:  

Fresh dykes : retaining 90-1 00 vol.% magmatic 
textures and mineralogy ; 
Blastoporphyritic amphibolites : preserving 
1 0-75 vol. % primary minerals; 
Amphibolites : almost devoid of magmatic 
features . 

The sample collected consisted numerically of 
3% fresh dykes, 40% blastoporphyritic amphi
bolites, and 57% amphibolities . 

The fresh dyke rocks are mesocratic to 
melanocratic, consisting essentially of olivine, 
clinopyroxene, labradoritic plagioclase, and 
lesser amounts of hornblende and spinel. Ore 
minerals, apatite, and sphene are accessories . 
Since olivine and clinopyroxene constitute close 
to 60% of the total volume, and plagioclase is 
generally present in amounts around 30%, they 
can be conveniently termed picrites or picrodol
erites . The proportions of olivine to clinopyrox-

ene are variable, though olivine usually predomi
nates. The rocks are usually coarse-grained and 
porphyritic or glomeroporphyritic . Intersertal, 
ophitic, and subophitic groundmass textures are 
most common. 

Olivine is a fosteritic variety, Fo70-Fo82 as 
determined from measurements of 2V, and oc
curs both as phenocrysts and in the groundmass .  
I t  i s  partly altered to  serpentine and blood-red, 
dark brown, or opaque 'iddingsite' , in certain 
instances . The 'iddingsite', usually a mixture of 
two or more of the minerals magnetite, goethite, 
and chlorite, is thought to be due mainly to 
deuteric alteration. 

Clinopyroxene is titanaugite or augite, com
monly containing thin plates of exsolved green 
spinel and ilmenite (Fig. 8), rather than 
orthopyroxene which is absent. The optical 
identification of the lamellae as spinel has been 
confirmed by microprobe analyses .  In the case 
of compositionally zoned clinopyroxene crys
tals, the exsolved spinel tends to be concentrated 
in peripheral colourless or pale pinkish zones.  
Exsolved ilmenite is restricted to the dark pink-
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ish-brown titanaugite cores of the clinopyrox

enes. The ilmenite lamellae show, in places, 

partial replacement by rutile, an alteration in

terpreted by Basta (1959) and Ramdohr (1960) as 

a re sult of high-temperature oxidation. 

The opaque minerals consist of sulphides and 

oxides in a ratio of approximately 60:40% of 
their total. The main sulphide phase is pyrrhotite 

enclosing flames of pentlandite; chalcopyrite ex

solution in pyrrhotite is less common. The 

sulphides are generally interstitial relative to the 
silicates, though a few small rounded to 

idiomorphic crystals representing an earlier gen
eration may be enclosed poikilitically by the 

titanaugite phenocrysts. Sulphide grains are ex

tremely fresh, but commonly exhibit both un
dulose extinction and strain-induced twinning. 

The magnetite is a Ti-poor variety, as revealed 
by its colour, and is homogeneous and devoid of 

any ilmenite or ulvospinel. Some of the larger 
magnetite crystals contain, however, tapering 
plates of exsolved transparent spinel following 

(l 00) and (111) and, more rare ly, minute crystals 

of pyrrhotite. Magnetite-homblende symplec

tites of metamorphic origin are also observed. 

The subordinate ilmenite is a fresh and 
homogeneous Fe203-rich variety (ferri-ilmenite), 

forming granules which may show synneusis 
texture. Alteration to rutile and sphene occurs 

but is uncommon. The absence of ulvospinel
magnetite and ilmenite-magnetite fine-network 
intergrowths suggests relatively oxidizing condi

tions during crystallization. High-temperature 

subsolidus oxidation is indicated by the altera

tion of ilmenite, and oxidation during 

metamorphism by the magnetite-homblende 
symplectites. 

The blastoporphyritic amphibolite dykes differ 
from the fresh dykes in the increased degree of 
recrystallization of the groundmass. They con
tain olivine, clinopyroxene, plagioclase, 
hornblende, and epidote, with subordinate 
amounts of opaques, sphene, and apati te. Biotite 
is present in most of the rocks but in amounts 

less than about 5 vol.%. Green spinel (pleonaste) 
Is common. 

Olivine is mostly fresh but may show slight 

alteration to serpentine and 'iddingsite'. It forms 

large elongate to lenticular phenocrysts, showing 

bipyramidal prismatic habit embedded in a 

faintly foliated groundmass devoid of both 

olivine and clinopyroxene. Around some olivine 

crystals, coronas are observed consisting of fine-
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grained aggregates of strongly pleochroic 

orthopyroxene, probably hypersthene. The 

orthopyroxene coronas are continuous and pre

serve almost exactly the original external out
lines of the olivines. 

Clinopyroxene exhibits hourglass zonation 
and is identical to that of the fresh dykes. 
Exsolution Iamellae of spinel and ilmenite simi

lar to those described earlier are common, 

particularly in the zoned clinopyroxenes. Sym

plectitic green spinel-hornblende intergrowths 

are more frequent than in the case of the fresh 

dykes and were formed by the metamorphic 
breakdown of clinopyroxene, which almost cer

tainly was highly aluminous. 
Hornblende is the same dark-brown, probably 

Ti-rich, variety present in limited amounts in 

fresh dykes and grew at the expense of 
clinopyroxene and plagioclase; it also follows 

cleavage planes and grain-boundaries of 

clinopyroxene phenocrysts. The pyroxene of the 

groundmass was wholly transformed into 

hornblende, its former presence being indicated 

by a relict schiller structure defined by minute 
dots of spinel and needles of ilmenite within 

hornblende. 
The plagioclase is largely metamorphic; 

carlsbad twin lamellae are absent, and its 
idiomorphic habit was lost during the recrystalli
zation of the groundmass. Plagioclase grains are 

irregular or amoeboid, exhibiting zoning, un
dulose extinction and distorted, bent, folded and 

displaced albite and pericline twin Iamellae. 

Routine measurement of extinction angles shows 
that the composition of the plagioclase varies 

from An45 to An30 as the proportion of amphibole 
increases. Extensive saussuritisation of ground
mass plagioclase resulted in the formation of 
epidote and zoisite, and also sphene coronas 
around ilmenite. In the latter case, the calcium 
and silica liberated from plagioclase reacted with 
ilmenite while iron was displaced. 

Biotite is a very deep reddish-brown variety, 
possibly annite, present in varying, but limited, 
amounts. It frequently forms rosettes around 
opaque minerals. 

The ore minerals are similar to those of the 

fresh dykes but the amount of chalcopyrite 
lamellae in pyrrhotite appears rather smaller. 

Ilmenite seems present in generally larger 
amounts than in the fresh specimens but shows 

extensive alteration to rutile and hematite. 

Homogeneous magnetite and magnetite
hornblende myrmekites are, however, still pres

ent. 
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Due to their secondary mineralogy, the 
blastoporphyritic amphibolite dykes are difficult 
to classify . The normative compositions of the 
anal y sed sample show, however, that a large 
number may be termed picrites . Some of the 
analysed samples containing between 30 and 
36% normative plagioclase and more normative 
clinopyroxene than olivine, were clearly ankara
mites or ankaramitic dolerites. The remainder of 
the sample have normative compositions equiv
alent to that of olivine-rich basalts or picrodol
erites ;  few of the norms show the 50-60% 
ab+ an which according to Wilkinson ( 1 967) is 
typical of normal olivine basalts.  

The amphibolites are coarse to medium-grained, 
massive or foliated rocks being almost devoid of 
primary mineralogy . Remnants of the latter, 
when present, constitute less than 5 vol .% and 
are usually phenocrysts of olivine and 
clinopyroxene. The major components of the 
amphibolites are: dark reddish-brown horn
blende, plagioclase, epidote, and biotite. Her
cynitic spinel was not observed . The plagio
clase is generally more sodic (An30) than in 
the blastoporphyritic amphibolites, forming, in 
places, intensely saussuritised, granular aggre
gates which are embayed by the groundmass 
amphibole . The ore minerals are identical with 
those of the less metamorphosed dykes .  The 
dykes cutting the Lillebukt nepheline syenite are 
generally similar to the other amphibolites, but 
are richer in biotite. The composition of their 
amphibole, as reflected by the pleochroic 
formula, also seems to be distinct from the 
amphibolites from other hosts. 

Approximately half of the analysed amphibo
lites have normative compositions correspond
ing to feldspar-poor olivine basalts or picrodoler
ites . Of the remainder the majority show norms 
similar to those of ankaramites ; only a few 
analyses may be classified as picrites . Several of 
the norms for the amphibolites contain, how
ever, more than 5% ne, some even show Il or 
12% ne. 

The amphibolites emplaced into the Lillebukt 
nepheline syenite present serious problems of 
classification, containing 32.5-45.6% or + ab 
+an and between 12 . 2  and 17 . 5 %  ne. As 
discussed later, their present compositions were 
influenced by exchange with their wall rocks . 
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Summary 

The !east metamorphosed examples of the dyke 
suite are generally picrites or picrodolerites con
sisting essentially of olivine, an Al203- and Ca
rich, Ti-bearing clinopyroxene, labradoritic 
plagioclase, Ni-pyrrhotite, a magnetite-hercynite 
ss and ferri-ilmenite as primary minerals .  Ca
poor pyroxenes are not observed either as indi
vidual phases or exsolved from the clinopyrox
ene, and in the freshest dykes olivine occurs 
both as phenocrysts and in the groundmass .  
These characteristics strongly suggest that the 
dykes formed a suite of alkaline olivine basalt 
affinities ranging from alkali picrites and ankara
mites through alkali picrodolerites to alkali 
olivine-rich basalts (Tilley 1950, Kennedy 193 3 ,  
MacDonald & Katsura 1964) .  

A series o f  mineralogical changes can b e  rec
ognised in the series ranging from primary dyke 
assemblages to amphibolite . Olivine decreases in 
amount and finally disappears, due to oxidation, 
resulting in the formation of orthopyroxene 
coronas, and to reaction with other phases with 
the production of amphibole . Brown hornblende 
increases at the expense of olivine, clinopyrox
ene, and plagioclase. In the blastoporphyritic 
amphibolites a pleonastic spinel was a reaction 
product during amphibolitisation while in the 
other amphibolites spinel is absent. Plagioclase 
decreases in amount and simultaneously takes 
on a more sodic composition (andesine or 
andesine/o1igoclase). Ilmenite was replaced by 
biotite, and reacted with CaO released from 
plagioclase to form sphene. Magnetite generally 
increases in amount, however, from the fresh 
dykes to the amphibolites .  

Geochemistry 

Analytical methods 

All elements were determined by a Philips type 
1450 X-ray fluorescence spectrometer. Sodium 
tetraborate beads prepared according to the 
method of Padfeld & Gray (197 1 )  were em
ployed for the major oxides, and powder bri
quettes for trace elements and soda. Tests of the 
reproducibility of the fusion preparation tech
nique gi ve relative standard deviations of 0 . 3  for 
Si02, Ti02, Al203, Fe203, MgO, and CaO. Cali
bration for major elements was based on linear 
regression of 22 international rock standards 
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Table l. Observed and recommended major- and trace-element values for selected international 

standards.' Recommended values after Flanagan (1973). 
-··--·----------

NIM-P NI M-N GSJ-JB-1 USGS-BCR-1 

obs. rec. obs. rec . obs. rec. obl. rec. 

Si0
2

% 49.48 50.88 53.90 52.43 53.32 52.09 54.89 54.50 

Ti0
2 

0.19 0.20 0.19 0.19 1.29 1.34 2.21 2.20 

AI
2

0
3 

3.87 4.38 16.66 16.64 14.16 14.53 13.47 14.53 

Fe
2

o
3 

12.66 12.29 9.22 9.00 8.83 9.04 13.20 13.40 

Mn O 0.21 0.21 0.18 0.17 0.13 0.16 0. 16 0.18 

Mg O 25.03 25.19 7.69 7.43 7.75 7.70 3.34 3.46 

Co O 2.73 2.68 11.21 11.55 9.12 9.21 6.86 6.92 

K20 0.05 0.10 0.21 0.26 1.35 1.42 1.62 1.70 

P
2

0
5 

0.02 0.04 0.03 0.04 0.28 0.26 0.37 0. 36 

CRPG-BR USGS-AGV-1 USGS-BCR-1 lower limit of precision 

olis. rec. obs. rec. obs. rec. 

Ni ppm 183 270 21 18 16 16 7 

C u 40 70 43 60 6 18 27 

Zn 108 160 84 84 102 120 14 

Rb 35 45 63 67 40 46 5 

Sr 1183 1350 708 657 323 330 6 

y 18 27 17 21 22 37 5 

Zr 181 240 227 225 147 190 10 

Nb 57 13.2 15 13,4 13,5 10 

Le 82 85 42 35 28 26 5 

Ce 118 65 63 54,5 54 3 

Nd 68 38 39 36 29 5 

Results quoted with the permission of 1-klgne Tysseland, GeoloQisk institutt A, 
Universitetet i Bergen 

using the concentrations recommended by 
Flanagan ( 1 973) ; matrix effects were corrected 
by the alpha method (Gillam & Heal 1 952), and 
machine drift corrected by monitoring a vitreous 
enamel secondary standard. The accuracy of the 
method is illustrated by analyses of selected 
standards presented in Table l. 

Calibration for the majority of the trace ele
ments relied on 9 international standards em
ploying values recommended by Flanagan (I 973) ; 
for Nb, Ce, and Nd, 6 international standards 
were used together with K-229, N-30, R-4 (Ce, 
Nd), I 63/ 16, I 63/ 3 1  (Nb), analysed by isotope 
dilution mass-spectrometry at the Department of 
Geology and Mineralogy, University of Oxford 
(O'Nions & Gronvold 1973). Intensities for Rb & 

Zn were corrected for interference from Fe; Sr 
intensities for Fe & Ti interference; Zr, Y, Ce, 
and Nd intensities for interference from Sr, Rb, 

Nd, and Ce respectively, as well as for back
ground curvature. Intensities were also adjusted 
by the ratio method for machine drift as moni
tored by a briquetted secondary standard. The 
accuracy of the trace-element analyses is dem
onstrated in Tab le l, together with the approxi
mate lower precision limits for individual ele
ments. 

Major elements 

The results of major-element analyses of 48 
samples, including l little metamorphosed dyke, 
20 blastoporphyritic amphibolites, 23 amphibo
lites, and 4 amphibolites intruded into nepheline 
syenite, are summarized in the form of arithme
tic means and standard deviations in Table 2. 

The mean for the dyke sample has a composi
tion resembling that of Hawaiian alkali picrites 
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Table 2. Arithmetic means (x), standard deviations (s), ranges (R) and C.l. P. W. norms for major-element analyses of the 

Finnmark dykes, together with various averages for comparison. Full data are available on request from Geologisk Institutt, 

avdeling A, Universitetet i Bergen, 5014 Bergen. 

s;o
2 

r;o
2 

AI
2

0
3 

Fe
2

0
3 

Fe O 

Mn O 

Mg O 

Co O 

No
2

0 

K
2

0 

P
2

0
5 

HP 

C1PW norms 

ml 

ap 

an%
• 

44.56 1.23 41.83-47.80 

1.79 0.34 1.11 - 2.56 

12.41 1.24 9.86-15.20 

2.61 0.70 1.09-4.87 

8.97 0.77 7.22-11.17 

0.17 0.01 

13.78 2.79 

10.50 1.27 

2.23 0.47 

0.71 0.33 

0.23 0.08 

0.48 0.19 

98.44 

0.13-0.20 

6.93-19.81 

7.73-13.91 

0.91 -3.54 

0.18 -1.53 

0.05-0.39 

0.12-1.06 

11.31 0.58 10.37- 12.42 

0.30 0.10 0.10-0.67 

4.20 

34.53 

3.30 

23.12 

25.10 

3.78 

3.40 

0.53 

44.69 1.14 

1.75 0.38 

11.86 1.31 

2.16 0.53 

9.45 0.60 

0.17 0.01 

14.62 3.10 

10.05 1.19 

2.11 0.50 

0.65 0.24 

0.23 0.06 

0.49 0.19 

98.23 

11.40 0.54 

0.23 0.06 

3.84 

34.74 

2.21 

21.98 

28.01 

3.13 

3.32 

0.53 

66.21 11.71 .q .52- 93.17 63.07 9.81 

53.91 6.76 35.20- 74.70 54.42 7.99 

Fe� • Total Fe os Fe O 

an%
" 

• normative composition including ne recalculoted to ob 

44.58 1.26 

1.81 0.29 

12.98 0.90 

2.93 0.43 

8.57 0.57 

0.17 0.01 

12.90 2.18 

10.79 1.17 

2.36 0.41 

0.77 0.37 

0.24 0.09 

0.47 0.20 

98.57 

4 

45.10 1.30 

1.65 0.37 

16.07 1.38 

4.77 1.19 

6.24 0.48 

0.15 

8.19 

10.19 

4.62 

1.43 

0.22 

0.68 

99.31 

0.0 

1.59 

0.54 

0.67 

0.45 

0.12 

0.45 

11.22 0.62 10.53 0.73 

0.36 0.09 

4.55 

35.08 

4.03 

23.57 

22.65 

4.25 

3.44 

0.56 

0.78 

8.45 

30.81 

14.72 

24.08 

10.02 

6.92 

3.13 

0.51 

0.22 

44.10 

2.74 

11.20 

2.84 

9.91 

o. 16 

15.13 

10.69 

1.66 

0.54 

0.30 

99.27 

12.47 

0.29 

3.34 

33.99 

0.85 

23.75 

27.31 

4.18 

5.17 

0.67 

68.79 12.94 62.60 8.01 62.99 

53.33 5.76 32.75 2.84 60.22 

45.83 

2.22. 

11.33 

4.49 

7.21 

0.16 

13.69 

11.27 

2.20 

0.99 

0.38 

99.77 

11.25 

0.62 

5.83 

32.67 

2.20 

28.17 

18.26 

6.51 

4.67 

0.82 

54.73 

48.70 

48.11 

1.72 

15.55 

2.99 

7.19 

0.16 

9.31 

10.43 

2.85 

1.13 

0.56 

47.2 

2.4 

15.8 

3.2 

8.0 

0.16 

7.0 

10.1 

3.2 

1.4 

0.48 

100.00 98.94 

9.88 10.8 

0.42 0.40 

4.68 8.27 

50.39 47.79 

0.01 2.11 

17.48 18.09 

16.54 12.41 

4.34 4.64 

3.27 4.56 

1.30 l .11 

52.19 51.50 

52.17 47.63 

4 

5 

Amphibolites (n • 4) emploced into nepheline syenite 

Hawaiian alkali pic:rite (n • 7) (Macdonald & Katsuro 1964) 
"kan of 3 onkaromites with MgO 13.47-13.96, East Island, Crozet 
Archipelogo (Gunn et al. 1970) 

All dykes (n - 44) exclusive of those erJ'f)loced into nepheline syenite 

Blastoportiwr;itic art{tlibolites (n=20) 
Joponese and Korean alkali olivine basalt (n • 7) (Kuno 1960) 
Alkali basolts and dalerites (n • 745) (Monsen 1968) 

Amphibolites (n • 23) 

(picrite-basalt of ankaramite-type, MacDonald & 

Katsura 1964), with the exceptions of lower 
Ti02, FeO* (FeO*= FeO+ 0.9 Fe203) and MgO, 
and slightly higher Al203 and alkalies. Only the 
difference in Ti02 can be ascribed any signifi
cance; the high titania in the Hawaiian picrites is 
characteristic of many oceanic-island basaltic 
suites. Of the major oxides, MgO shows the 

greatest range, having a total variation factor of 
nearly 3, followed by CaO with a variation factor 
of 1.8 and Al203 with a total variation factor of 
!.54. The large spread in MgO induces negative 
correlations with the other oxides, with the 

exception of Si02 and total iron which remain 
fairly constant throughout the suite. The lack of 

correlation of FeO* with MgO results in a varia
tion in FeO/MgO from 0.58 to 1.53. Plotted in an 

AFM diagram (Fig. 9A) individual analyses de
fine a linear band trending from a point with 
approximate co-ordinates F30M70, corresponding 
to accumulation or fractionation of an olivine of 
chrysolitic composition. 

MgO correlates strongly with normative ol 
(correlation coefficient r= 0.92) and !east- · 

squares linear regression reveals that 
MgO= 4.28+ 0.39 ol, also suggesting that MgO 
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Fe o• 

Na20•K20 MgO 

Fig. 9 A.- MgO, Na.O + K,O, 
total iron as FeO plot for 
individual dykes and arithmetic 
means (inset). The trends defined 
can be explained as the result of 
olivine accumulation. The 
amphibolites emplaced in 
nepheline syenite Iie to one side 
of the main duster of points due 

to access of alkalies from the 
host-rocks. B. -Analyses of the 
Finnmark dykes plotted in Pearce 
& Cann's ( 1973) discriminator of 
palaeo-environment. Fields A 
and B correspond to low-K 
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tholeiites, Field B to abyssal ZrL---------------------------------'Y.3 
tholeiites, B and C to calc-
alkaline basalts, and field D to 

'withinplate' basalts. 
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• fresh picrite • Amphibolites 600-Meon volves 
". Blostoporphyritic omphibolites • Amphibolites in nepheline syenite + Oykes in Hasvik gabbro 
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Fig. JO A. - Alkalies-silica scattergram for individual analyses 
and arithmetic means (inset). The curve separating the alkaline 
and subalkaline fields is after Irvine & Baragar (1971). 
A Na.O + K20- Si02 correlation is lacking. Note the alkali 
enrichment shown by dykes emplaced into nepheline syenite. 
B. - An analysis of a fresh dyke and arithmetic composition 
means for the blastoporphyritic amphibolites and amphi· 
bolites define a linear negative trend for total alkalies vs. 
MgO +total iron as FeO. The position of the point for the 
mean of 4 amphibolites within nepheline syenite suggests 
that !hese have exchanged MgO with Na.O + K,O of the hosts. 

varies with chrysolite content. In the porphyritic 
amphibolites Ni-o! covariance fits a straight-line 
model (r= 0.84) with an intercept on the Ni axis 
of 50.2 and a slope of 18.35, indicating accumula
tion of olivine phenocrysts with a constant Ni 
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content of about 1835 ppm as the cause of 
varying MgO. 

While the range in MgO can be satisfactorily 
accounted for by variations in modal olivine, 

CaO correlates with normative di (r= 0.90) 
rather than with an. Linear regression of CaO 
and di-values by the !east squares method gives 
Ca O= 4.92 + 0.24 di, suggesting that the modal 
clinopyroxene is a Ca-rich variety. Neither CaO 
nor di are positively correlated with normative 
plagioclase. Normative di and ne, however, 
show positive correlations of r= 0.62 for the 
porphyritic amphibolites, and r= 0.81 for the 
amphibolites. The source of this unexpected 
relationship is believed to be Ca-Tschermaks 
molecule within the modal pyroxene, which pre
liminary microprobe analyses show contains as 
much as 9% Al203• 

Both K20 and Na20 show a considerable 
spread of values (total variation factors: 8.5 and 
3.9 respectively), but neither are significantly 
correlated with Si02• In an alkalies-silica scat
tergram, the analyses define a cloud centred on 
the alkali-rich side of Irvine & Baragar's (1971) 
dividing line between alkaline and subalkaline 
suites (Fig. lOA). 

A problematic feature of the dyke suite is the 
independent behaviour of K20 and N �O- in the 
sample as a whole no correlation between these 
oxides can be detected. The relationship of the 
alkalies in the blastoporphyritic amphibolites 
and amphibolites is discussed further below. 
N�O shows no relationship to the amount of 
normative an, but significant , correlation 
(r= 0.88) exists between Na20 and normative 
An% (calculated with ne recalculated as ab), and 
moderate correlation (r= 0.78) between Na20 
and normative (an+ ab + 1.84 ne). It is unlikely, 
therefore, that Na20 variation is governed by the 
modal amount of a plagioclase of relativ el y con
stant composition. A trend towards more sodic 
plagioclase as the modal feldspar increases is a 
possible source of Na20 variation. Normative 
plagioclase, calculated with ab ""ab + 1.84 ne in 
order to compensate for the effect of the alumi
nous modal pyroxene, has a wide spread of com
position (Table 2) reflected in a total variation 
factor of over 2. Since plagioclase phenocrysts 
are a rarity, it seems unlikely that the se pheno
mena are due to feldspar fractionation, but could 
be ascribed to aluminous pyroxene accumula
tion. The latter must result in a reduction in 
modal and normative plagioclase and at the same 
time an increase in normative an relative to ab. 
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Comparison of blastoporphyritic 
amphibolites and amphibolites 

The mean blastoporphyritic amphibolite and 

mean amphibolite differ little from each other, 
and from the overall average dyke composition 

(Table 2). The amphibolite mean is slightly richer 
in Ti02, Al203, CaO and the alkalies and poorer 
in FeO* and MgO, though the differences are 
invariably within the respective standard devia
tions. In the norm, these differences result in a 
picritic mineralogy for the mean blastoporphyri
tic amphibolite and a more ankaramitic composi
tion for the mean amphibolite. In terms of inter
oxide correlations, however, the amphibolites 
differ considerably from the blastoporphyritic 
amphibolites, despite their overlapping major
element geochemistry. 

In the amphibolites, K20 and P205 are highly 
correlated (r= 0.91), Ti02 and P205 show a mod
erate correlation (r= 0.73 ), and K20 and Ti02 a 
weak correlation (r= 0.62), suggesting that K20 
variations are unlikely to be due to the introduc
tion of alkalies commonly observed in metabasic 
rocks (Evans & Leake 1960, Engel et al. 1964, 
Starmer 1969, Bowes 1972, Elliott 1973). As 
noted earlier, K20 shows no significant 
covariance with Na20, but surprisingly corre
lates to a slight degree with CaO (r= 0.64) and 

normative di (r= 0.61). Ti02 also shows a similar 
relationship with CaO (r= 0.75). However, di is 
not correlated with Na20 and, like CaO, is 
negatively correlated with normative plagiodase 

(r=- 0.79). 
Apart from Ti02 with CaO (r= 0.79) and di 

(r = O. 75) and those described earlier, the re are 
no moderate to strong correlations observable in 
the analyses of blastoporphyritic amphibolites, 
even for the pair P205 and K20 which are 
unrelated to the accumulative olivine and 
dinopyroxene. Normative olivine and dino
pyroxene, as in the amphibolites, possess a 
weak negative correlation (r=- 0.68), and to
gether show a slight negative correlation with 
normative plagiodase (r=- 0.50). The Ti02- di 
correlation may be explained in terms of the 
Ti-bearing modal pyroxene. Linear regression 
giv es Ti02 = 0.42 + 0.06 di, implying a rather 
high titania content of around 6% for the modal 
pyroxene. Both the Ti02-di correlation in the 
blastoporphyritic amphibolites and the K20-di 
and K20-Ca0 correlations in the amphibolites 
are, however, probably induced by variations in 
MgO. 
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Amphibolites intruded in nepheline syenite 

The mean composition of four amphibolites 

emplaced in the Lillebukt nepheline syenite has 
a number of significant deviations from the 
amphibolite dykes within mafic hosts. MgO is 
lower and Al203, Na20, and K20 higher than the 
other means (Table 2), with the differences dose 
to or exceeding the sum of the respective 
standard deviations. Fe203/Fe0 also exceeds 
that of the other members of the dyke suite. The 
increased alkalies and unchanged Si02 result in 
high normative ne. That the alkalies are intro
duced is suggested both by the field relation
ships, and by the placing of the analyses in the 
AFM and total alkali - Si02 plots (Figs. 9A, 
lOA). In both diagrams the analyses fall on the 
alkali-rich side of the main duster of points 
representing isochemical amphibolites. Since 
FeO* is similar in all dykes, Fig. 10B suggests 
that MgO has been lost to the host nepheline 
syenite during metamorphism. As noted earlier, 
the exchange of MgO and alkalies between the 
wall rocks and the amphibolites is reflected by 
biotite appearing in unusual amounts in both 
environments. 

Summary 

The Finnmark dykes form a suite of alkali olivine 
basalt affinities varying widely in MgO concen
tration but ha ving an arithmetic mean in the alkali 

picrite compositional range. Si02 and total FeO 
retain constant concentrations throughout the 
suite. The main chemical variations can be ex
plained in terms of the accumulation of chrysolitic 
olivine containing around 1800 ppm Ni and Ca
and Al-rich clinopyroxene with lower FeO*/ 
MgO than the enclosing magma but similar 
FeO*. However, on the basis of major elements 
alone, no well-founded interpretation can be 
advanced for the independent variation of N a20 
and K20; due to the high degree of correlation 
shown by K20 and P205 in the amphibolites, 
K20 is unlikely to have been introduced. The 
relationship suggests, however, that the dyke 
magmas had different pre-accumulative 
histories, and this possibility is explored later 
employing trace-element behaviour. The differ
ent chemistry of the amphibolites emplaced in 
nepheline syenite is a result of short-range diffu
sive exchange of magnesia with the alkalies and 
al u mina of their hosts. 
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Table 3. Arithmetic means (x) , standard deviations (s), and ranges for trace-element analyses of the Finnmark dykes, 

together with new analyses of the chilled zone of the Hasvik gabbro and an orthocumulate from the Rognsund gabbro. 

Various averages are included for comparison. FuU data are available on request from the address given in Table 2.  
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1 ,  A l l  d y k e a  ( ". U )  e x c l u e i v e  a f  those e111placed i"ta nll!lphalinfl ayenit• 
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6. 

Oli vine-normative alkali baults I n •  ) Prinz 1 9 6 7 )  

M u n  of 3 a n k a ramitea witk MgO 1 3 , 4 7-1 3 , 51 6 ,  Eu t 
hland , Crozet Arch ipelago ( Gu n n  et a l .  t 9 7 0 )  

2 .  

3 .  

. . 

BJo1toparphyritic amphlbolltn (n : 20) .  

A•phibalitea ( ,... 2 3 )  

AveraQII!l baaal t ( T u r e k i a n  &. Wadepohl 1 9 6 1  ) 

Trace elements 

In keeping with their accumulative nature, the 
Seiland dyke rocks have low mean concentra
tions of Cu, Zn, Rb, Sr, Y, and Zr, and high Ni 
when compared with average basalts (Table 3) .  
The rare earth elements (REE), La, Ce, and Nd, 
together with Nb are, however, in the arithmetic 
mean for the suite identical to estimates of 
abundances in basalts .  Basaltic abundances also 
fall either within the respective ranges for indi
vidual elements in the Seiland suite, or just 
above the upper limit of variation. Exceptions to 
this generalization are Ni, with a lower limit well 
above the averages of Prinz ( 1 967) , and Turekian 
& Wedepohl ( 1 961 ) ,  and Cu and Y, for which the 
highest values are significantly below. Cu in the 
mean of 3 Crozet ankaramites (Table 3) also has 
a concentration above the upper limit of the 
range for the Seiland rocks of similar chemistry, 
suggesting that the latter are, in reality, Cu-defi
cient. 

The majority of the anal y sed traces show wide 

7. 

' ·  

A l k a l i  bna l t ,  Hawaii ( n - 6 )  ( S c h i l l i n g  &. Winchuter 1 9 6 9 )  

Olivi"e thalelltlc chilled Nergi" of Haavik gab b r o ,  
r i " ""'ark ( ,.. .... . ,... l yaia ) 

9 .  Gabbraic orthacuMula t a ,  Ragnsund gabbro , r1n"mark 
( new a " a l ya i a )  

ranges, with total variation factors of between 
3 . 0  (Sr) and 8.5 (Rb) ; Zn, Y, Ce, and Nd varia
tions are more limited with total variation factors 
from 2 . 0  (Y) to 2 . 3  (Zn) . Variation in the ratios 
Rb/Sr, Zr/Y, and chondrite normalized La/Y is, 
therefore, controlled by the numerator, and var
iations in Y/Nb by the denominator. Ca has a 
total variation factor of only 1 . 8 and the Ca/Sr 
ratio is governed by Sr variations. Rb and K 
have identical total variation factors and are 
positively correlated; the K/Rb ratio increases 
with both elements, while the K/Sr ratio follows 
K. Ca/Sr and Zr/Y are the !east variable ratios 
(total variation factors of 2 .6  and 2 .7  respec
tively) while the other ratios given in Table 3 
vary by the following factors : Y/Nb 3 .6 ;  
chondrite normalized La/Y 3 .9 ;  K/Rb 5 .5 ,  K/Sr 
7 .6 ;  Rb/Sr 10 .  

The mean Rb/Sr ratio for the suite is identical 
with the mean of 0 .05 for alkali basalts found by 
Prinz ( 1 967) , while the mean K/Rb ratio is 
significantly higher than Prinz' s ( 1 967) value of 
346 for ol-normative alkali basalts, though it falls 
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within the range for alkali basalts figured by 
Condie et al. (1969). Probably due to clinopyrox

ene accumulation which increases Ca relative to 

Sr and reduces the absolute concentration of Sr, 
the mean Ca/Sr ratio Iies outside the limits for 

alkali basalt established by Condie et al. (1969) 
(Fig. IlC), while the mean K/Sr ratio falls within 
(Fig. llB). The mean Y/Nb ratio of 0.65 falls 
within the range believed by Pearce & Cann 
(1973) to be typical of continental and ocean-is
land alkali basalts (< 1). 

Apart from Ni, Cu, and Zn, the analysed 
traces are those that behaved as 'incompatible' 
elements during low-pressure fractionation; they 
did not enter the phenocryst phases in significant 
amounts and, therefore, show negative correla
tions, albeit weak, with MgO. MgO variation 
may also induce weak positive correlations be
tween the individual trace elements and between 
traces and CaO. Variations in the incompatible 
elements are, however, too large to be simply 
explained by accumulative processes. 

Rubidium and Strontium 
In neither the amphibolities nor the blasto
porphyritic amphibolities are Rb and Sr signi
ficantly correlated. In the blastoporphyritic 
dykes, however, Rb/Sr increases linearly with 
Rb (r= 0.86) while linearity is less pronounced in 
the amphibolites (r= 0.73). The rate of increase 
in Rb/Sr with Rb (Fig. liA) is intermediate 
between the normal Sr-fractionation trend and 
the Sr-depletion trend typical of submarine 
tholeiites and Sr-depleted continental tholeiites 
(Condie et al. 1969). At higher concentrations of 
Rb, there is a suggestion of a divergence in the 
trend of the Rb/Sr increase between the 
blastoporphyritic amphibolites and the amphibo
lites; the latter appear to follow more nearly the 
normal Sr-fractionation trend. 

Rb and K have a strong positive correlation in 
the amphibolites (r= 0.90), and a weaker corre
Iation in the blastoporphyritic amphibolites 

Fig. Il A. - Rb/Sr- Rb p lot for the Finnmark dy kes with field 

boundaries after Condie et al. (1969) and !east squares linear 
regression lines for data from the blastoporphyritic arnphi

bolites and amphibolites. B. - K/Sr- K scattergram for the 

Finnmark dykes with field boundaries after Condie et al. ( 1969) 
and !east squares linear regression lines for data from the 

blastoporphyritic amphibolites and arnphibolites. C.- Ca/Sr- K 
scattergrarn for the Finnmark dyke suite. Ca/Sr ratios are 

higher than !hose for common alkali basalts (Condie et al. 
1969), probably due to clinopyroxene accumulation. 
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Fig. 12 A. -Y-La plot for the Finnmark dykes. The lowest 

values and ranges for Y are displaced to higher values with 

an increase in La. B. - Chondrite-normalized REE pattern 

for the Finnmark dykes, olivine tholeiite chilled zone of the 

Hasvik gabbro and a gabbroic orthocumulate from the 

Rognsund intrusion. The average composition of 20 chondrites 

(Haskin et al. 1966) was employed for normalization and Y 

plotted in place of Er. 

(r= 0.74). In both cases correlation between 
K/Sr and K is only moderate (r= 0.76). 
Nevertheless, least-squares linear regression 
suggests a more rapid increase in K/Sr with K 
for the blastoporphyritic amphibolites than for 
the amphibolites (Fig. JJB). 

Sr and Ca are not correlated to an y significant 
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degree in either the blastoporphyritic amphibo
lite or amphibolite dykes (r= 0.56), and as noted 
earlier Ca/Sr ratios are controlled by Sr variation 
(r = - 0.88). The Ca/Sr ratio decreases more 
rapidly in the blastoporphyritic dykes with in
creasing Sr. No significant correlation exists 
between Ca/Sr and K (Fig. Il C). 

Rb is correlated with La in the amphibolites 
(r= 0.80) while Rb-La covariance is absent in the 
blastoporphyritic dykes. Sr correlates with La to 
similar degrees in both the blastoporphyritic 
amphibolites (r= 0.74) and the amphibolites 
(r= 0.63). 

Yttrium, Zirconium, and Niobium 

Y and Nb are weakly correlated in the blasto
porphyritic amphibolites (r = 0.59) and am
phibolites (r = 0.66), in both cases the Y /Nb 
ratio being inversely related to Nb (r= - 0.84) 
due to the more limited variation in Y. Nb is 
dose! y related in its behaviour to La; La and Nb 
concentrations for 87% (100r2) of the amphibo
lites and 71% of the porphyritic dykes fit a 
regression line with a slope al most exactly unit y, 
and intercept on the La axis of less than 0.35 
ppm. 

Y and Zr also show weak (r= 0.65) to moder
ate (r= 0.73) correlation in the blastoporphyritic 
amphibolites and amphibolites, respectively. 
Only in the latter does the Zr/Y ratio closely 
follow Zr (r= 0.85). The least-squares best-fit 
line between points for Zr/Y and Zr values for 
the blastoporphyritic amphibolites with its Iow 
coefficient of determination (r2= 0.35) is, how
ever, el ose! y parallel to that for the amphibo
lites. Like Nb and La concentrations, Zr and La 
are also related, particularly in the amphibolites 
where 68% of the concentrations fit a regression 
line with slope of l. 70 and intercept on the Zr 
axis of 43.3 ppm; the equivalent regression for 
the blastoporphyritic amphibolites has a similar 
slope of 1.60 and intercept of 42.7 ppm 
(r2= 0.57). 

In Fig. 9B, Ti and the traces Zr and Y for the 
Finnmark dyke suite are plotted in a diagram 
claimed by Pearce & Cann (1973) to discriminate 
different environments of basic-magma genera
tion. The analyses spread from the 'within-plate' 
field towards the Ti apex, due to the moderately 
constant Zr/Y ratio, but an independently var
iable Ti content. Accumulation of Ti-bearing 
clinopyroxene (or ilmenite?) may be the expla
nation of this trend; the plotted analyses gener-
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ally fall outside the compositional limits of 
20%> CaO+ MgO> 12% set by Pearce & Cann 
(1973) for their source data. There is no evi
dence, however, of significant amounts of Zr 
being incorporated in the modal clinopyroxene. 
Correction for phenocrysts which do not contain 
significant amounts of Zr or Y results in the 
points being further removed from the Ti apex 
while maintaining a constant Zr/Y ratio; it seems 
high! y like! y that the groundmasses of the dykes 
have a Ti-Zr-Y.3 relationship corresponding to 
that of the 'within-plate' basalts. The igneous 
rocks of the Seiland province, including the dyke 
suite dealt with here, were, however, emplaced 
during the course of Caledonian deformation and 
Barrovian metamorphism, probably into an An
dean-type plate margin (Ramsay 1973, Robins & 
Gardner 1975). 

Rare earths and Yttrium 

Although some differences.exist in the behaviour 
of La, Ce, Nd, and Y between the 
blastoporphyritic amphibolites and the amphibo
lites, the following features are characteristic of 
the suite as a whole: La, Ce, and Nd have 
interelement positive correlations better than 
0.80; the chondrite-normalized La/Y ratio is 
strongly correlated with La (r= 0.95); Y gener
ally increases with La, though the correlation is 
weak (r amphibolites= 0.72, blastoporphyritic 
dykes = 0.62) (Fig. 12A). La is strongly corre
lated with K in the amphibolites (r= 0.93), but no 
correlation exists between La and Na in the 
same group. The blastoporphyritic dykes show a 
weak correlation between La and both K and N a 
(r- 0.62). 

In terms of the chondrite-normalized REE 
pattern, plotting Y for Er (Fig. 12B), the Finn
mark dyke suite occupies a region comparable 
with continental, oceanic, and island-are alkali 
basalts. The enrichment factors relative to 
chondrites for some continental tholeiitic basalts 
are also similar to those for the Finnmark dykes 
with regard to the light rare earths, but these 
rocks tend to have relatively higher Y contents. 
Columbia River tholeiite and Deccan plateau
basalt have, for instance, enrichment factors of 
84 and 150 for La respectively, while Y in both 
cases has a factor of 29 (Frey at al. 1968, Schmitt 
et al. 1964); in contrast, the enrichment factor for 
Y for the Finnmark dykes varies from 3.9-7.8. 
Light rare-earth enrichment factors for nepheli
nites and potassic basalts (Kay & Gast 1973) are 
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generally significantly higher than those of the 
Finnmark suite. 

Within many magmatic provinces, an increase 
of the light REE commonly accompanies an 
increase in basalt alkalinity (Schilling 1971). 
Within the Finnmark suite, this is reflected in the 
La/K correlation. Compared with the olivine 
tholeiite chilled margin of the Hasvik gabbro, the 
dyke suite is enriched in the light REE's by a 
factor of at !east 2 (Fig. 12B) while Y has a 
similar concentration in both environments. RE 
element concentrations in the Hasvik chilled 
margin closely resemble those of the Skaergaard 
chill zone (Frey et al. 1968), and define a light
REE enriched chondrite-normalized distribution 
similar in pattern to that of the !east enriched of 
the dykes; both feature a depletion of La relative 
to Ce. The chondrite-normalized La/Ce ratio 
varies from 0.59 to 1.70 in the dykes and corre
lates with La concentration to the extent of 
r= 0.93. A similar feature is clearly displayed in 
the light-REE concentrations of Hawaiian 
tholeiites and alkali basalts (Schilling & 
Winchester 1969). 

Amphibolites intruded in nepheline syenite 

The dykes emplaced, and metamorphosed, 
within a nepheline syenite host, differ little in 
trace-element composition from the other 
amphibolites. The majority of the concentrations 
fall within the ranges occupied by the 
blastoporphyritic amphibolites and amphibo
lites. Exceptions in one of the two analyses are 
Cu, Zn, and Nb which fall below the lower limits 
of variation, and Sr in the same sample which is 
above the upper limit for the other amphibolites. 
Although Iittle weight can be attached to the 
differences between a single analysis and the 
ranges for 44 amphibolites, they are tentatively 
interpreted as the result of diffusive exchange 
with the surroundings, which are known to be 
Sr-rich and Nb-poor (Heier 1961). 

Summary 

Except for high Ni and low Cu, the trace-ele
ment compositions of the Finnmark dyke suite 
are close to those of average basalt; dis
crepancies can be explained by the accumulative 
minerals characteristic of the majority of the 
dykes. Mt:an ratios Rb/Sr, K/Rb, K/Sr, and 
Y/Nb correspond with those of common basaltic 
rocks, while Ca/Sr, as a result of clinopyroxene 
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accumulation, is high. Rb/Sr follows both Rb 
and K, and defines an intermediate Sr-fractiona
tion trend. Y /Nb ratios correlate with Nb and fall 
within the range for alkali basalts given by 
Pearce & Cann (1973). A triangular plot of Ti, Y, 

and Zr, and the criteria of Pearce & Cann (1973), 
suggest an anorogenic environment for magma 
genesis, in contradiction to geological evidence 
of an actively deforming plate-margin environ
ment. In the ·amphibolites, La correlates with K, 
Nb, Zr, Rb, and the other analysed REE (Ce and 
Nd), and to a lesser extent with Y. Chondrite
normalized REE distribution patterns have a 
wide variation in absolute enrichment, but are 
generally similar to other alkali basalts. Light 
REE are enriched by a factor of at least 2 over 
the composition of the Hasvik gabbro chilled 
margin. The chondrite-normalized ratio La/Ce 
varies from 0.6 to 1.7 with increasing La con
centrations (r= 0.93). 

Petrogenesis 

The la test event in the magmatic evolution of the 
majority of the members of the dyke suite is the 
accumulation of olivine and aluminous 
clinopyroxene from alkali olivine basalt 
magmas. Since some of the picrite dykes contain 
plagioclase-lherzolite xenoliths of probable up
per-mantle derivation (Robins 1975), it seems 
unlikely that segregation occurred within in
tracrustal magma chambers. Some dykes pre
serve evidence of syn-intrusion flowage dif
ferentiation, and this is a viable mechanism for 
accumulation. Green & Ringwood's (l967a) re
sults on the crystallization of an anhydrous alkali 
olivine basalt place some constraints on the 
pressure environment during olivine and alumin
ous clinopyroxene fractionation: These minerals 
were liquidus or near-liquidus phases at pres
sures below about 10 kb. At higher pressures, 
olivine is replaced at the liquidus by orthopyrox
ene (11-15 kb), and eventually by clinopyroxene 
and garnet. There is no evidence of orthopyrox
ene or garnet, or their alteration products, for 
example in the form of 'xenocrysts', and it is 
concluded that the dyke magmas moved rapidly 
from their source region with little, if an y, inter
telluric crystallization until depths of approxi
mately 35 km were reached. Experimental mod
els (Green & Ringwood 1967b, 1970, Green & 

Hibberson 1970) suggest that some magmas 
plucked fragments from the walls of their con-
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duits also at depths of less than 35 km (lO kb); at 
deeper levels, plagioclase is no longer a stable 
phase in lherzolitic compositions. Textural evi
dence presented in an earlier account shows the 
dyke magmas to have crystallized within the P-T 
region of co-existing olivine and plagioclase, but 
that the field of pyroxene and spinel was entered 
on cooling (Robins 1975). Plagioclase and olivine 
in the lherzolitic nodules show, however, no 
equivalent disequilibrium, probably as a result of 
the much higher MgO/FeO* ratio (4.00-4.77 in 
four analyses, Robins 1975) than in the enclosing 
dykes (mean MgO/FeO* 1.22, Table 2). The 
pressure environment represented by the pres
ent-day erosion level has been estimated on the 
basis of regional and contact metamorphic 
parageneses to have been 7-9 kb. early in the 
time interval occupied by dyke emplacement 
(Robins 1971, Sturt & Taylor 1972). 

Certain features of the dyke chemistry cannot 
be explained on the basis of olivine and 
clinopyroxene fractionation at moderate pres
sures. The Jack of a Na-K correlation, and the 
large variations in La, Ce, Nd, and Nb appear to 
be inherited from earlier events than the ac
cumulation of phenocrysts which ex erts the ma
jor control over the major-element geo
chemistry. Interpretation of this pre-history must 
large! y rest on the features of the trace-element 
geochemistry summarized earlier. The calcula
tions of Kay & Gast (1973) suggest that the 
concentrations of light REE may be explained by 
varying, but limited, degrees of equilibrium par
tial melting of a lherzolitic mantle with a fairly 
low garnet/clinopyroxene ratio, but in which 
none of the major phases were lost during fusion. 
In the pyrolite model mantle, garnet is stable at 
pressures exceeding about 27 kb. at anhydrous 
solidus temperatures, equivalent to depths great
er than approximately 90 km (Green & Ring
wood 1967b), and at pressures exceeding about 
22 kb. (70 km) at the solidus for pyrolite contain
ing O.l% water (Ringwood 1975). The initial 
melts produced in an equilibrium partial melting 
model are highly enriched relative to the source 
material in incompatible elements such as K, Rb, 
P205, Zr, Nb, and the light REE, all of which 
have significant interelement correlations in the 
amphibolite members of the Finnmark suite. 
With a progressively increasing degree of fusion., 
the concentration of these elements will de
crease, white other elements, such as N a and Y, 

are buffered by phases undergoing melting, i.e.· 
clinopyroxene and garnet respectively. The tap-
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Ta ble 4. Calculated concentration ratios ·for limited degrees of equilibrium and fractional 

melting of a gamet lherzolite. 

# l (xl 
C

L 
/C

o C /Co 

degree of 

mel ting% 
Lo Ce y La Ce y 

4.5 18.02 17.25 6.44 1.83 3.14 6.57 

3.5 21.78 20.63 6.27 4.48 6.44 6.34 

2.9 24.90 23.40 6.17 7.55 9.79 6.22 

2.0 31.74 29.23 6.03 16.19 18.05 6.05 

1.5 37.44 33.95 5.95 24.48 25.15 5.96 

1.0 45.65 40.48 5.88 36.76 34.84 5.88 

# Equation {15) Show (1970): Equilib. partial melting 

(x) Equation (13) Show (1970): Ideal froctional melting 

Assumptions: Mon tie composition 55 OI, 25 Opx, 15 Cpx, 5 Gar; C llnopyroxene and garnet 
enter melt in equal amounts; Distribution coefficients for La 

D liq 
• 12.85, cpx 

D cpx __ 44.0, D cpx. 68.6, D opx 
200 O C ff" · k OI = . ; oe ocoen .. 

gar opx 

for Ce & Y(Er\ as li sted by Kay & Gast (1973). 

ping of the system at various stages in the 
process could give rise to magmas with fairly 
constant concentrations of Na and Y, but high! y 
variable amounts of the incompatible elements, 
and hence magmas with no detectable Na-K 
correlation. 

Another characteristic of the Finnmark suite 
which must also be accounted for qualitatively 
by the partial melting model is the high correla
tion between La/Ce and La, and the passage 
from La-depletion to La-enrichment relative to 
Ce with increasing contents of the incompatible 
elements. Due to Jack of data on distribution 
coefficients for La between silicate liquids and 
.ca-rich pyroxenes, possible partial melting mod
els cannot be rigorously tested. Using distribu
tion coefficients for La obtained by linear ex
trapolation of the coefficients for Ce and Nd 
selected by Kay & Gast (1973) (Dvhx = 12.85; 
ncp]\l'gar= 44.0; DCPJY'OPX= 68.6; ncp>y-(>1= 200.0), 

calculations have been made based on equation 
(15) of Shaw (1970), and the mantle composition 
and melting characteristics employed by Kay & 
Gast (1973) for alkali basalt 04 in model 9A. The 
results (Table 4) show that the equilibrium par
tial melting model cannot reproduce a chondrite
normalized La/Ce ratio of less than l, such as is 

observed in the !east REE-enriched members of 
the Finnmark suite, for any degree of partial 
melting. U sing the same parameters but equation 
(13) from Shaw (1970) for ideal fractional melt
ing, this feature can, however, be reproduced by 
more than l% melting (Table 4). That the ideal 
fractional melting model employed is unsuitable 
for the Finnmark suite is suggested by the van
ishingly small amounts of melting necessary to 
reproduce the highest chondrite-normalized 
La/Ce ratio observed (1.7). The pure equilibrium 
partial melting model also suffers from the same 
defect, though to a lesser extent. With changes 
in the respective values of the distribution coeffi
cients for La, a hetter fit may, however, be 
obtained. The model calculations can be in
terpreted as implying that the Finnmark suite 
was generated by neither pure equilibrium par
tial melting nor pure ideal fractional melting. 
Even if each dyke magma shared a common 
source, which is unlikely since no age-trends can 
be established in the sampled material, it is 
geologically necessary to assume that batches of 
magma were extracted and intruded to higher 
levels at various stages in the anatectic cycle. 
This would result in depletion of the source in 
the traces strongly fractionated into the initial 
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Table 5. Calculated concentrations of La, Ce, and Y in residual liquids after varying degrees 
of clinopyroxene fractionation, assuming that the lowest concentrations of these elements in 
the Finnmark dykes characterized the primary magma. 

_l c ppm. # 
degree of 

Lo "/Ce11
(x) "/Y" (x) 

fractionotion o/o La Ce y La 

O (C0 l 8 33 7 0.68 6.9 
lO 8.8 36.3 7.6 0.68 7.0 
20 9.8 40.4 8.2 0.68 7.1 
40 12.8 52.4 10.1 0.68 7.6 
60 18.6 75.5 13 . 6 0.69 8.2 
80 35.3 141.3 22.4 0.70 9.5 
90 66.9 2�.5 3!>.9 0.71 10.9 

# Deri ved from Rayleigh fractionation law (Rayleigh 1896) c1 / C0 • FK-1 

(x) Chondrite-normalized ratios 

Distribution coefficients as in Table 4. 

melts, and could in itself give rise to the 
observed depletion of La relative to Ce in the 
products of further melting. 

A possible alternative to the partial melting 
hypotheses of origin is eclogite fractionation of a 
picritic primary magma generated by such a high 
degree of partial melting that garnet is consumed 
during the process (O'Hara & Y oder 1967, 
O'Hara 1968). Although this process is generally 
difficult to distinguish from the effects of partial 
melting, or to test quantitatively, one 
characteristic of the Finnmark suite appears to 
rule it out as a possibility. As shown by O'Nions 
& Clarke (1972), eclogite fractionation should 
result in a distinct negative correlation of the 
light and heavy REE. In contrast, La and Y in 
the Finnmark dyke suite are positively corre
lated, albeit weakly (Fig. 12A). But neither can 

this fea ture be explained using the partial melting 
models described above. Calculations show that 
with an increasing degree of both equilibrium 
and fractional melting, Y increases while La 
decreases (Table 4). A fractionation model for 
clinopyroxene (Table 5) proves that to ascribe 
the increase in REE and Y relative to the least 
enriched dyke to crystallization requires more 
than 60% solidification. Similar figures may be 
derived for the fractionation of olivine and 

orthopyroxene (Schilling 197 I). Such high de
grees of crystallization are unreasonable if the 
derivative magmas are to retain a basaltic 
chemistry. 

We suggest that a positive La-Y correlation 
may reflect variations in the composition of the 
mantle. Assuming a chondritic distribution for 
the REE in the primary source region, Table 6 
suggests that higher degrees of partial melting in 
mantle assemblages richer in garnet are able to 
reproduce a decrease in Y with La. Our tentative 
conclusion based on these model calculations is 
that varying degrees of melting of a mantle 
region with a chondritic REE pattern, and differ
ing garnet/clinopyroxene ratios, are sufficient to 
produce the observed concentrations of La, Ce, 
Nd, and Y. 

Regional significance of the dykes 
The analytical data presented in the foregoing 
pages has a num ber of important implications for 
the interpretation of various facets of the 
petrogenesis of the Seiland province. In earlier 
accounts it has been argued that the later stages 
of the Caledonian metamorphism and deforma
tion in the northern and eastern parts of the 
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Table 6. Concentration ratios calculated for smaU degrees of equilibrium partial melting of 

lherzolites containing 55% olivine, 25% orthopyroxene and 20% gamet and clinopyroxene, 
and varying garnet/clinopyroxene ratios. In cases where both gamet and clinopyroxene are 

present, they are assumed to enter the melt in equal amounts. 

CL /C0 1/ 

cpx 20% cpx 15% cpx 10% cpx 5°/o gnt 20'� 

degree of 

mel ting 0/o Lo y Lo y Lo y Lo y Lo y 

5.0 16.1 10.44 16.6 6.53 17.7 3.73 19.0 2.61 19.7 2.27 

4.5 17.4 10.84 18.0 6.44 19.3 3.70 20.9 2.60 21.8 2.23 

4.0 18.9 11.29 19.7 6.35 21.3 3.67 23.2 2.58 24.5 2.19 

3.5 20.7 11.76 21.8 6.27 23.8 3.65 26.1 2.57 27.9 2.16 

3.0 22.8 12.29 24.3 6.19 26.8 3.62 29.9 2.56 32.5 2.12 

2.5 25.5 12.86 27.5 6.11 30.8 3.59 34.9 2.54 38.8 2.09 

2.0 28.9 13.48 31.7 6.03 36.1 3.56 41.9 2.53 48.0 2.05 

1.5 33.4 14.17 37.4 5.95 43.7 3.54 52.4 2.52 63.2 2.02 

1.0 39.5 14.94 45.6 5.88 55.3 3.51 70.1 2.50 92.3 1.99 

0.5 48.2 15.79 58.4 5.80 75.2 3.48 105.6 2.49 171.2 1.96 

# For source of equotion and distribution coefficients see footnote to Table 4. 

province were characterised by igneous activity 
which can be grouped in to an alkali olivine basalt 
subprovince followed in time by an alkaline 
subprovince (Robins & Gardner 1974, 1975). 
This contrasts with the earlier magmatism which 
was mainly tholeiitic or calc-alkaline in nature. 
That alkali olivine basalt intrusion was long-lived 
and outlasted the emplacement of the evolved 
alkaline rocks was also considered to be likely 
(Robins & Gardner 1975). 

Alkali olivine basalt-type melts appear to have 
first been available for intrusion after the crystal
lization of the syenite-bearing gabbros. The 
parentage of the latter is obscure, but may have 
been of transitional basalt chemistry (Robins & 
Gardner 1975). The alkali basalt activity 
persisted during the emplacement of several 
major layered and unlayered basic and ultrabasic 
intrusions and the subsequent alkaline and 
carbonatite complexes (Fig. 3). Alkali olivine 
basalt dykes also represent the last spasms of 
synorogenic igneous activity present in the prov
ince, when the metamorphic grade had waned 
from the almandine-amphibolite facies into the 
upper part of the greenschist facies. The Seiland 
dykes can therefore be added to a growing list of 
descriptions of syntectonic sodic alkali olivine 
basalts. Following Harker (1909), alkali olivine 

basalts have generally been regarded as typically 
developed in tensional environments, but are 
now known from several modern istand arcs and 
active continental margins (Leeman & Rogers 
1970, Sigurdsson et al. 1973, Schwarzer & Ro
gers 1974, DeLong et al. 1975) as well as from at 
least one other metamorphic terrain (Misra & 
Griffin 1972). 

Although the analysed dykes appear to be 
exclusively of alkali olivine basalt-type, this 
does not accurately depict the total character of 
the magmatic activity in the Seiland province 
during their emplacement. The mineralogy and 
cryptic layering of the Lille Kufjord gabbro 
shows it to be tholeiitic (Robins & Gardner 
1974), even though its emplacement took place 
during the intrusion of the studied dykes (Fig. 3). 
This anomalous layered gabbro indicates that it 
was still possible for batches of tholeiitic basalt 
magma to be generated beneath the province in 
the later stages of the Caledonian orogenic 
event. 

Of major interest is the possibility of a genetic 
relationship between the alkali olivine basalt 
dykes and the large layered clinopyroxene 
gabbro or eucrite intrusions emplaced during the 
progress of the second phase of deformation, 
early in the interval occupied by alkali basalt 
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dyke injection (Fig. 3). In the absence of chilled 
margins, an alkali olivine basalt parent has been 
postulated for these plutons principally on the 
basis of their mineralogy (Robins & Gardner 
1974). Their most characteristic feature is the 
Al203-rich composition of their salitic 
clinopyroxene which petrographically shows it
self by the exsolution of a chromium-bearing 
green spinel, and the rarity of exsolved 
orthopyroxene. The aluminous pyroxene also 
results in the green spinel which accompanies 
the dark brown amphibole which formed at the 
expense of clinopyroxene and plagioclase during 
metamorphism. It must be emphasized that the 
spinel-bearing clinopyroxene is never found in 
the clearly tholeiitic layered intrusions also pres
ent in the province. 

The petrographic similarity between the alkali 
olivine basalt dyke-rocks and the clinopyroxene 
gabbros is striking, and suggests some parental 
role for the dyke magma. The single pyroxene of 
the dykes contains the same unusual spinel ex
solution, together with ilmenite lamellae which 
are 'also common in the clinopyroxene gabbros. 
Amphibole formed at the expense of clinopyrox
ene in the dykes is frequently associated with 
green spinel, as in the gabbros, and in both cases 
the only orthopyroxene is secondary, res ul ting 
from oxidation of olivine or reaction of olivine 
with plagioclase. It has been suggested that the 
lack of ulvospinel or the equivalent network of 
ilmenite in the magnetite of the dykes indicates 
crystallization in a relatively oxidized magma. 
Cumulus magnetite in the Rognsund clinopyrox
ene gabbro made its appearance when cumulus 
plagioclase reached a composition of about An80, 
also indicative of an oxidized magma (Robins & 

Gardner 1974). 
Little useful direct comparison can be made of 

the dyke rocks and the cumulates of the 
clinopyroxene gabbros on the basis of major 
element geochemistry. However, it is worth 
noting that, where not contaminated by the 
psammitic host rocks, the gabbros are consist
ently nepheline normative. In orthocumulates, 
ratios between trace elements strongly fraction
ated into the magma can be useful for compari
son, since the ratio should be characteristic of 
the interstititial trapped magma. In 27 analysed 
cumulates from the Rognsund gabbro, only in 
o ne case are Y, Nb and the rare earths La, Ce 
and Nd present in concentrations well above the 
lower limit of precision for the analytical tech
niques employed (Table 3). This gabbroic 
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orthocumulate has a similar Nb content, and a 
chondrite - normalized REE distribution pattern 
identical to that for the dyke suite, though the 
absolute concentrations of Ce, Nd, and Y are 
lower (Fig. 12B). This fact, and the unusual 
petrography shared by the dykes and the 
clinopyroxene gabbros, is believed to support a 
dose genetic relationship. The majority of the 
dyke magmas appear, however, to have been too 
rich in MgO to be the immediate parent to the 
clinopyroxene gabbros; average cumulates at the 
base of the Rognsund gabbro contain less than 
about 12 wt.% MgO. It is possibly no coinci
dence that the gabbros are accompanied by large 
ultramafic intrusions principally composed of 
nepheline-normative and even larnite-normative 
olivine clinopyroxenite, hornblende-olivine 
clinopyroxenite, dunite, and tilaite (Robins 
1971). Attention has recently been drawn to the 
association in man y parts of the world of similar 
ultramafites in 'zoned' complexes, with an
karamitic volcanics or dyke suites (Irvine 1974). 

Summary of conclusions 

The ubiquitous late synorogenic dykes of the 
Seiland province were emplaced into complex 
fracture systems in host rocks which behaved in 
an isotropic manner. 'Horned' dykes formed 
when overlapping fractures were dilated and 
cross-connected during the emplacement of 
magma moving subparallel to the offsets. 

The picritic and ankaramitic dykes were em
placed during almandine-amphibolite facies 
metamorphism and show varying degrees of 
recrystallization. They have classified accord
ingly as fresh picrites or picro-dolerites, 
blastoporphyritic amphibolites, and amphibo
lites. The latter do mina te numerically, at !east in 
the sample collected. The least metamorphosed 
examples contain olivine, an Al203- and Ca-rich, 
Ti-bearing clinopyroxene, labradoritic 
plagioclase, Ni-pyrrhotite, a magnetite-hercynite 
ss, and ferri-ilmenite as primary minerals. Dur
ing reconstitution pyrogenic olivine, clinopyrox
ene and plagioclase all decreased in amount, in 
favour of brown hornblende. Pleonaste 
nucleated during the transformation of the 
blastoporphyritic amphibolites but is absent 
from the amphibolites. The other oxides reacted 
with . natal K20 and CaO released from 
plagioclase with the formation of biotite and 
sphene. 
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The major-element geochemistry of 48 rep
resentative dyke samples is typically alkali 
basaltic; the dykes are the MgO- and CaO-rich 
accumulative members of a sodic lineage. The 
suite has a mean within the picrite compositional 
range. With only two exceptions, analyses plot 
above the alkaline/subalkaline dividing line of 
lrvine & Baragar ( 1 97 1 )  for total alkalies versus 
Si02, which varies little throughout the suite. 
The dykes generally show normative ne induced 
by the composition of the modal clinopyroxene. 
The large variation in MgO and the spread of 
analyses from the F30Mg70 point in the AFM 
triangle principally retlects the accumulation of 
chrysolitic olivine, which contains around 1 800 

ppm Ni; CaO variations are controlled by 
clinopyroxene accumulation. The accumulative 
phases have a higher MgO/FeO* ratio than the 
groundmasses, but similar FeO*. Independent 
variation of Na and K appears to be inherited 
from a pre-accumulative his tory. Correlation of 
K20 and P205 in the amphibolites excludes the 
possibility of the general introduction of alkalies 
during metamorphism. The compositions of 
amphibolites emplaced into nepheline syenite 
have, however, undergone change due to short
range diffusive exchange of magnesia with the 
alkalies and alumina of their hosts. 

Concentrations of Zn, Rb, Sr, Y, Zr, Nb, La, 
Ce, and Nd determined by XRF techniques for 
44 samples are dose to those of average basalts, 
while Ni is higher due to olivine accumulation, 
and Cu is low. Nb and the light rare earths, in 
keeping with the alkali basalt affinities of the 
dykes, are enriched relative to Y. Rb/Sr, K/Rb, 
K/Sr, and Y/Nb ratios correspond with other 
common basalt types and show no affinity to 
oceanic tholeiites. Chondrite-normalized pat
terns for La, Ce, Nd, and Y show a wide 
variation in absolute enrichment, but are similar 
to other alkali basalts; the La/Y ratio increases 
with La, as does La/Ce. La correlates positively 
in the amphibolites with K, Nb, Zr, and Rb, and 
in all samples with the other analysed REE. 

According to criteria advocated by Pearce & 

Cann ( 1 973), the trace-element geochemistry 
suggests a 'within-plate' environment for the 
dykes. Geological evidence, however, leaves 
little doubt that intrusion took place into a de
forming continental margin. The Ti-Zr-Y 'dis
criminator' makes no allowance for syn-orogenic 
alkali olivine basalts. 

The genesis of the dyke magmas is interpreted 
in terms of varying but limited degrees of partial 
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melting of a mantle inhomogeneous with respect 
to the garnet/clinopyroxene ratio. Melting seems 
to have been neither purely equilibrium nor 
fractional in type. Intrusion of liquids from a 
depth greater than approximately 70 km oc
curred without appreciable fractionation, while 
crystallization of olivine and clinopyroxene 
phenocrysts probably occurred under pressures 
of less than 10 kb (35 km). Plagioclase-lherzolite 
xenoliths included in some dykes were also 
derived from the latter pressure environment. 
The magmas were emplaced into rocks undergo
ing synorogenic Barrovian metamorphism at 
pressures of up to 7-9 kb. 

The petrography, major-element, and trace
element geochemistry of the dykes support an 
earlier interpretation of the evolution of the 
magmatic activity in the Seiland province. 
Tholeiitic activity early in the Caledonian 
orogenic events was succeeded by calc-alkali 
magmatism, and by alkali olivine basalts during 
and after the prolonged second phase of defor
mation. Intrusion of alkaline picrite and ankara
mite dykes was punctuated by the emplacement 
of layered clinopyroxene gabbros and eucrites, 
major ultramafic plutons, evolved alkaline sye
nites and carbonatites, together forming a long
lived, though areally limited, alkali olivine basalt 
synorogenic subprovince. 

Petrographic ties between the dykes and the 
associated clinopyroxene gabbros, such as the 
exsolution of alumina spinel from the single 
pyroxene, and the evidence for relatively ox
idized magmas, suggest that the calcic gabbros 
and the ultramafic plutons related to them may 
be cumulates developed from similar alkali 
olivine basalt, alkali picrite or ankaramitic 
magmas. The identity of the chondrite
normalized REE pattern for an ortho-cumulate 
from the Rognsund gabbro with those for the 
dykes supports such a genetic relationship. 
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