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Apatite-rich hornblende clinopyroxenite from the Lillebukt Alkaline Complex, Stjernøy, has yielded Sm-Nd and Rb-Sr internal 
isochron ages of 540 ± 39 Ma (MSWD = 0.21) and 521 ± 22 Ma (MSWD = 0.00) respectively, interpreted as intrusion ages. 
tNd::HuR of +4.00 ± 0.55 and tSrLR of -11.21 ± 0.34 suggest a moderately depleted mantle source. The metagabbro host, which 
was deformed before emplacement of the horn blende pyroxenite dykes, gives Sm-Nd and Rb-Sr internal isochron ages of 
517 ± 61 Ma (MSWD = 1.64) and 534 ± 8 Ma (MSWD = 4.60) respectively. Both probably date metamorphic recrystallization of 
the host metagabbro that took place before the initiation of the alkaline magmatism. 
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The Lillebukt Alkaline Complex is par� of the Seiland 
lgneous Province (Fig. 1), which comprises gabbros, 
ultramafites, diorites, nepheline syenite, alkali syenite, 
carbonatite and swarms of mafic dykes (Rabins & Gard
ner 1975) emplaced into paragneisses of the Eidvågeid 
Supracrustal Sequence and metasediments belonging to 
the Sørøy Group. The magmatic rocks occur in the 
uppermost nappe of the Kalak Nappe Complex, which 
itself belongs to the Middle Allochthon of the Scandina
vian Caledonides (Ramsay et al. 1985; Roberts & Gee 
1985). The development of the Seiland Province has been 
regarded as synorogenic with respect to the Finnmarkian 
Phase of the Caledonian Orogeny (Sturt et al. 1967, 
1978), or the Finnmarkian Orogeny (Ramsay & Sturt 
1986), which was believed to have occurred between 540 
and 490 Ma. The existence of the Finnmarkian Orogeny, 
as previously defined, has been questioned by several 
authors (e.g. Krill & Zwaan 1987; Townsend & Gayer 
1989). 

The age of the Sørøy Group and its deformation in 
relation to the intrusion of different magmatic rocks is 
central in establishing a relative time scale for events in 
the region. The Sørøy Group has been assumed to be of 
Late Precambrian to Cambrian in age (e.g. Roberts 
1968; Ramsay et al. 1985). However, recent investiga
tions have shown that metasediments corre1ated with the 
Sørøy Succession are intruded by ca. 800 Ma old grani
toids (Dal y et al. 1991 ). The Hasvik Gabbro, believed by 
Sturt, Pringle & Ramsa y ( 1978) to have been emplaced 
during the peak of Finnmarkian regional metamorphism 
(at about 5 25 Ma), has also been shown by Sm-Nd 
internal isochrons to be about 700 Ma old (Daly et al. 
1991). These data suggest that the Sørøy Succession and 
the older intrusives in the Seiland Province are Precam
brian, but Rice ( 1990) believes that the Hasvik Gabbro is 

emplaced into the Eidvågeid Supracrustal Sequence 
rather than the Sørøy Succession. 

Zircons from nepheline syenite pegmatites, which are 
amongst the youngest magmatic rocks in the Seiland 
Province, have yielded Cambrian U-Pb ages of 531 ± 2 
and 523 ± 2 Ma (Pedersen et al. 1989). 

The present work was initiated to constrain the age of 
apatite-rich hornblende clinopyroxenite in the Lillebukt 
Alkaline Complex, and its metagabbro host by Sm-Nd 
and Rb-Sr internal isochrons. An additional aim was to 
characterize the source regions of the parental magmas 
of both rock types. 

Geology of the Lillebukt Alkaline Complex 

The Lillebukt Alkaline Complex (Heier 1961; Rabins 
1980 , 1985) forms a N-S elongated area covering ca. 
13 km2 (Fig. 2). Along its eastern margin the alkali ne 
complex is emplaced in metagabbro in which relict 
modal layering has a steep dip. To the north and west 
the alkaline complex is bounded by coarse-grained horn
blendite or amphibolite. 

The outcrop pattern within the alkaline complex is 
crudely concentric with an outer swarm of apatite-rich 
hornblende clinopyroxenite dykes along the eastern, 
northern and northwestern margins. The southern part 
of the complex is occupied by sheets and lensoid intru
sions of nepheline syenite and syenite that were emplaced 
into mafic rocks and perthositic syenite, now strongly 
metasomatized. All these rock units were intruded by 
calcite carbonatite that forms the core of the complex 
together with metasomatized mafic rocks. The alkaline 
activity ended with the intrusion of syenite and nepheline 
syenite pegmatite dykes (Rabins 1980). Swarms of mafic 
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s=2: carbonatite and associated metasomatites 
mainly syenite and nepheline syenite 

� apa tite- rich hornblende clinopyroxenite dikes 
hornblendite 

111111 metagabbro 

Fig. 2. Simplified geological map of the Lillebukt Alkaline Complex ( based on 
mapping by K. Kjøsnes, T. Strand, J. H. Skogen, T. Bruland, Ø. Mjelde, B. 
Robins and the author) with locations of the analysed samples. 

dykes cut the older members of the alkaline complex, but 
the majority of the dykes appear to have predated the 
crystallization of the pegmatites. 

All members of the alkaline complex have been 
affected by later deformation. Deformation was ex
tremely inhomogeneous. Carbonatite was the most in
tensely affected and exhibits a folded compositional 
banding and strong mineral fabric, while the hornblende 
clinopyroxenite is only locally foliated. 

The Lillebukt Alkaline Complex is interpreted as a 
deformed and metamorphosed ring-complex ( Skogen 
1 980), originally emplaced at a shallow crustal leve! 
(Pedersen et al. 1989). The close association of the 

hornblende clinopyroxenite, nepheline syenite and car
bonatite suggests that they are cogenetic. 

Geology and petrography of the hornblende 
clinopyroxenite 

Hornblende clinopyroxenite was emplaced as steeply dip
ping dykes with a strike roughly parallel to the outline of 
the alkaline complex. The main occurrence of horn
blende pyroxenite is along the eastern margin of the 
alkaline complex, where the dyke swarm is up to 750 m 
wide. Individual dykes are a few centimetres to several 
metres wide and occupy about 60-70% of the area 
where they occur. Locally, the hornblende clinopyroxen
ite dykes are cut by dykes of syenite pegmatite, nepheline 
syenite pegmatite and carbonatite. 

Fluids associated with crystallization of hornblende 
clinopyroxenite caused intense metasomatism of the gab
broic host rocks. In a 20-30 m wide zone along the 
margin of the alkaline complex and between the indi
vidual hornblende pyroxenite dykes, gabbro was altered 
into medium- to coarse-grained, granular ultramafic 
rocks mineralogically similar to the hornblende clinopy
roxenite (Kjøsnes 1 98 1; Robins 1 985). 

Hornblende clinopyroxenite consists of very alu
minium-rich diopside ( Ca51 _53 Mg30_33 Fe1 5_ 1 9 , Al203 
8 .5- 10 .2 wt% ), pargasitic to hastingsitic hornblende, ap
ati te, ilmenomagnetite, ilmenite and minor amounts of 
calcite. It does not contain any feldspar or feldspathoid. 
In places the hornblende clinopyroxenite consists almost 
exclusively of pyroxene, while hornblende dominates lo
cally. The most characteristic feature of the rock is the 
high apatite content, averaging ca. 5- 10%, but reaching 
60% in places. Apatite occurs as acicular, euhedral to 
skeletal crystals or as xenomorphic granular aggregates. 
Calcite is only a minor constituent and is usually associ
ated with apatite. Ilmenomagnetite and associated il
menite can vary from ca. l %  to ca. 40% with an average 
of about 5- 10% .  

The dykes are coarse-grained to pegmatitic. In some 
dykes pyriboles and apatite are elongated normal to the 
dyke margins over the whole width of the dyke. More 
rarely, crystals are oriented parallel to dyke margins. In 
many dykes there is no preferred orientation. Chilled 
margins are absent. In contrast to similar dykes on 
Seiland ( Robins 1 974), the hornblende clinopyroxenite 
dykes of the Lillebukt Alkaline Complex are neither 
mineralogically nor texturally zoned. The hornblende 
clinopyroxenites are believed to be cumulates generated 
by plating of the walls of conduits occupied by flowing 
nephelinite magma (Kjøsnes 198 1) .  

The mineral assemblage and textures of the horn
blende clinopyroxenite are generally magmatic. Some 

Fig. l. General geology of the Seiland Igneous Province and its surroundings (after Roberts 1974 and Zwaan 1988). Alkaline rocks and/or carbonatites are found at 
Lille bukt (l), Pollen ( 2), Kræmmervik ( 3), Store Bekkarfjord ( 4) and Breivikbotn ( 5). 
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hornblende appears to have replaced clinopyroxene and 
may possibly be metamorphic in origin. Locally, meta
morphic recrystallization of all minerals is well advanced. 

Geology and petrography of the metagabbro 

The metagabbro to the east of the Lillebukt Alkaline 
Complex is part of a large intrusion that is similar to 
several plutons in the Seiland Province in being charac
terized by olivine gabbro lacking primary orthopyroxene 
( Robins & Gardner 1 974). Typical for the metagabbro is 
a penetrative metamorphic foliation parallel to relict 
modal layering. Since the foliation is cut at high angles 
by the hornblende clinopyroxenite dykes as well as syen
ite and nepheline syenite pegmatites, deformation ap
pears to have preceded the initiation of the alkaline 
magmatism. The gabbro has also suffered high-tempera
ture recrystallization (Kjøsnes 198 1 ). The main minerals 
in the metagabbro are plagioclase ( labradorite to ande
sine), Ca-rich pyroxene, hastingsitic amphibole and Fe
Ti oxides. Olivine is generally absent, having been 
replaced by pyroxene-hercynitic spinel symplectites or 
intergrowths of Ca-poor pyroxene and Fe-Ti oxides. 
Plagioclase is generally in the form of equigranular ag
gregates of normally zoned grains. Inclusions are rare 
but some crystals are crowded with small, elongated 
grains of hercynitic spinel and, rarer, euhedral corun
d um. Plagioclase crystals of this type are believed to ha ve 
been derived from contact-metamorphosed pelitic 
metasediments, which are found within the gabbro as 
large rafts. Ca-rich pyroxene occurs as recrystallized 
aggregates of crystals that commonly contain lamallae of 
magnetite and lesser ilmenite. The brown, granular to 
oriented amphibole appears to have developed at the 
expense of pyroxene and plagioclase. 

The metagabbro includes frequent, large rafts of horn
felsed psammitic and pelitic metasediment as well as 
calc-silicate. That the metasediments were intensely de
formed prior to the intrusion of the gabbro is shown by 
the complex fabrics and folds preserved in the xenoliths 
( Kjøsnes 1 981 ). 

Sample descriptions and analytical techniques 

A sample of hornblende clinopyroxenite ( LAC 20 RC) 
was collected from a ca. 50 cm wide dyke on the eastern 
side of the alkali ne complex ca. 200 m east of the carbon
atite plug and ca. 300 m west of the metagabbro con
tact (Fig. 2). It consists of about 40% pyroxene, 35% 
hornblende, 15% apatite and 1 0% ilmenomagnetite 
and ilmenite. The texture is predominantly igneous. 
Hornblende and clinopyroxene contain exsolved Fe-Ti 
oxide needles. The apatite occurs as euhedral, acicular 
crystals, some of which are bent and parti y recrystallized. 

A sample of granular metagabbro (LAC F40 KK), 
used to determine an internat isochron, was collected by 
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Kjøsnes ( 1 98 1 )  approximately 400 m east of the margin 
of the alkaline complex (Fig. 2). Another sample of 
metagabbro (LAC 1 02 RC) was taken a few metres away 
from the metasomatized zone along the eastern margin 
of the alkaline complex. Only the whole-rock Nd isotopic 
ratios were determined in this sample. 

Apatite, hornblende and clinopyroxene were extracted 
from the hornblende clinopyroxenite, and plagioclase, 
hornblende and clinopyroxene were separated from 
the metagabbro, in both cases using a Frantz magnetic 
separator. 

Isotopic analysis was carried out at the Mineralogical
Geological Museum, University of Oslo on a Vacuum 
Generators 354 fully-automated, 5-collector mass spec
trometer. The samples were prepared following the pro
cedure described by Mearns ( 1 986). Nd isotopic ratios 
are normalized to I46Nd/ 144Nd = 0.72 1 9 . Sr isotopic ra
tios are normalized to 86Sr/88Sr = 0. 1 1 94. The decay con
stants used were 6.54 x IQ-12 a -1 for the decay of 147Sm 
to 144Nd and 1 .42 x IQ-1 I a -I for the decay of 87Rb to 
87Sr. sNd�HuR and sSrLR were calculated assuming 
present-day ratios of 147Smjl44Nd = 0 . 1 967, 143Nd/ 
144Nd = 0.5 1 2647 (Jacobsen & Wasserburg 1 984, norma1-
ized to 146Nd/144Nd = 0.72 1 9), 87Rb;s6Sr = 0.0827 and 
87Sr;s6Sr = 0.7045 (DePaolo & Wasserburg 1 976). 

Line-fitting and corre1ated errors were determined as 
recommended by Y ork ( 1 969) . Age and intercept errors 
are quoted at the 2rr level ( expanded 2rr where MSWD 
exceeds 1). 

Results 

Results are presented in Tab1es l and 2 and Figs. 3 ,  4 
and 5. The Sm-Nd mineral-whole rock isochron age of 
the hornblende pyroxenite sample is 540 ± 39 Ma 
(MSWD = 0.2 1 ), with an initial 143Nd/I44Nd of 
0.5 1 2157 ± 0.000028 .  sNd540 is +4.00 ± 0.55 ,  suggesting 
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Fig. 3. Sm-Nd isochron diagram for samples of horn blende clinopyroxenite and 
metagabbro. 
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Table l. Nd isotopic data for a homblende clinopyroxenite (LAC20RC) and two samples of metagabbro from the Lillebukt Alkaline Complex. 

147Sm/144Nd 143Ndf'"Nd 
Sam p le Fraction Sm ppm Nd ppm Sm/Nd ±% ±211 · w-6 

LAC20RC wr 16.2 1 00.2 0. 1 6 1 8  0.098517  ± 0.25 0.5 1 2508 ± 14 
cpx 6 . 1  28.3 0.2 1 56 0. 1 3 1 260 ± 0.25 0.5 1 2621 ± 8 
hble 7.2 36.5 0 . 1 985 0. 1 20870 ± 0.25 0 .51 2589 ± 14 
ap 95. 1 633 . 1  0. 1 502 0.087330 ± 0.25 0 .51 2466 ± 8 

LACF40KK wr 4.9 2 1 .2 0.2327 0. 1 4 1 7 1 0  ± 0.25 0.5 1 2655 ± 1 8  
cpx 4.5 1 5.9 0.2833 0 . 1 72501 ± 0.25 0 .51 2769 ± 14 
hble 7.7 30.3 0.2543 0. 1 54877 ± 0.25 0 .51 2720 ± 14 
p lag 8.4 48.5 0. 1 723 0. 1 052 1 3  ± 0.25 0 .51 2545 ± 16 

LACI02RC wr 5.7 24.8 0.2328 0. 1 4 1 7 1 9  ± 0.25 0.5 1 2693 ± 8 

Table 2. Sr isotopic data for a hornblende clinopyroxenite (LAC20RC) and two samples of metagabbro from the Lillebukt Alkaline Complex. 

Sam p le Fraction Rb ppm Sr ppm 

LAC20RC wr 8.8 590.0 
cpx 0.4 1 82.2 
hb le 2 1 . 2  57 1 .8 
ap 0.0 2679.2 

LACF40KK wr 6.7 577.9 
cpx 0.6 56.3  
hb le 22.5 234.3 
p lag 3.2 1 432.6 

LAC1 02RC wr 8.8 579.6 

a relatively depleted mantle source. The pyroxenite has 
an initial Nd isotopic composition fairly similar to that 
of three carbonatites from the Lillebukt Alkaline Com
plex (eNd530 = +4. 1 to +4.9, Aitcheson 1 989), but 
higher than a syenite and a nepheline syenite from the 
same complex (eNd530 = +3.3  and +2.6, Aitcheson 
1 989). The age of separation of the parent magma from 
the depleted mantle reservoir of DePaolo ( 1 98 1 )  is 
729 Ma, while the model age relative to the depleted 
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0,7055 

0,7050 

0,7045 

0,7040 

0,70 35 

Horn tiende-pyroxenite 20 
(apatite excludedl 
l= 521 ! 22 
lR= 0,703096 t 24 
Et.= -11,21 � 0,34 
HSWD= 0,00 

G FloO hb 

Gabbro F40 
(plagioclase excludedl 
t= 534! BHa 
lR= 0,702892 t 19 
�.= -13,89 t 0,54 
HSWD = 4,60 

0,70 25 .._._��--'--�� .......... ���'--'-�� .......... ��-'-�-'-' 
o 0,05 0,10 0,15 0,20 0,25 

e7Rb/e6Sr 

Fig. 4. Rb-Sr isochron diagram for samples of hornblende clinopyroxenite and 
metagabbro. Data for apatite were excluded fro,m the calculation of the isochron 
for sample LAC20RC and data for plagioclase were excluded from the calcula· 
tion of the isochron for sample LACF40KK. 

87Rb/86Sr 87Srf86Sr 
Rb/Sr ±% ±211 · w-6 

0.01 50 0.043370 ± 0.25 0.7034 1 9  ± 1 8  
0.0020 0.005750 ± 0.25 o. 703 1 38 ± 36 
0.0370 O. l 07060 ± 0.25 o. 703892 ± 1 8  
0.0000 0.000000 ± 0.25 0.703 14 1  ± 1 8  

0.0 1 1 6  0.033660 ± 0.25 0.703 1 59 ± 1 8  
0.01 14  0.033 100 ± 0.25 0.703 1 1 9  ± 28 
0.0961 0.277980 ± 0.25 o. 705007 ± 20 
0.001 1 0.065500 ± 0.25 o. 702934 ± 1 8  

0.0 1 5 1  0.043830 ± 0.25 0.703285 ± 30 

Baltoscandian mantle of Mearns et al. ( 1 986) is 577 Ma 
(Fig. 5). 

The Rb-Sr age of the same sample and separates is 
498 ± 33  Ma (MSWD = 4.24). Omitting apatite, which 
has a slightly high 87Sr/86Sr ratio, an isochron with a much 
improved fit yields an age of 521  ± 22 Ma (MSWD = 

0 .00) with an initial 87Sr/86Sr of O. 703096 ± 0 .000024. The 
initial Sr isotope ratio falls into the range (0 .7027-0.703 1 )  
defined by three carbonatites, a syenite and a nepheline 

0+-----.r�------------�--------��R 
-1 
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-4 
-s+-����������������� 

O 100 200 300 400 500 600 700 800 t [Ha l 
Fig. 5. Evolution of eNd in the homblende clinopyroxenite and metagabbro 
relative to CHUR, the model depleted mantle of DePaolo ( 198 1 )  and the 
Baltoscandian depleted mantle of Meams et al. ( 1 986). 
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syenite from the Lillebukt Alkaline Complex reported by 
Aitcheson ( 1 989) . 

The Sm-Nd isochron age of metagabbro F40 based 
on whole rock, clinopyroxene, hornblende and plagio
clase is 5 1 7  ± 6 1  Ma (MSWD = 1 .64), with an initial 
143Ndf144Nd of 0.5 1 2 187 ± 0.000059, eNd517 is +4.02 
± 1 . 15 .  The 147Sm/144Nd ratios of the two metagabbro 
samples are almost equal, but the 143Nd/ 144Nd ratio of 
LAC 102 is higher, so that it does not Iie on the isochron 
defined by the whole rock and minerals of F40 (Fig. 3). 
The Sm-Nd model ages relative to the depleted mantle 
reservoirs of DePaolo ( 1 98 1 )  and Mearns et al. ( 1986) 
are 830 Ma and 606 Ma respectively ( Fig. 5) for sample 
F40 and 77 1 Ma and 538 Ma for sample 102. 

The Rb-Sr isotopic data for metagabbro F40 do not 
define an isochron, because of the anomalous data for 
plagioclase (Table 2, Fig. 4). Excluding plagioclase, the 
data give an age of 534 ± 8 Ma (MSWD = 4.60), indis
tinguishable from the Sm-Nd age, and an initial 87Sr/ 
86Sr of 0.702892 ± 0.0000 1 9. 

Conclusions 

The Sm-Nd age of the apatite-rich hornblende pyroxen
ite from the Lillebukt Alkaline Complex as determined 
by an internal isochron is 539 ± 39 Ma. The Rb-Sr 
isochron age for the same rock and separates ( excluding 
apatite) is 52 1 ± 22 Ma. In view of the igneous mineral
ogy and texture of the analysed hornblende clinopyrox
enite they are interpreted as intrusion ages . Taking into 
account the U-Ph age of 523 ± 2 Ma on zircon from a 
nepheline syenite pegmatite in the Lillebukt Alkaline 
Complex (Pedersen et al. 1989), and the observation that 
such pegmatites cut the hornblende clinopyroxenite 
dykes, intrusion of the hornblende clinopyroxenite prob
ably took place between about 543 and 523 Ma. 

As the host metagabbro was deformed and recrystal
lized before the emplacement of the hornblende clinopy
roxenite dykes, it is probably significantly older than the 
alkaline magmatism. This is not unambiguously reftected 
in the isotopic data. The metagabbro yielded Sm-Nd 
and Rb- Sr ages of 5 1 7  ± 61 Ma and 534 ± 8 Ma respec
tively. This appears to be younger than the Sm-Nd 
internat isochron age of 6 1 2  ± 33 Ma for a weakly meta
morphosed gabbro from the same pluton at Kvalfjord, 
NE Stjernøya (Daly et al. 199 1) ,  but is not distinguish
able from the ages of 604 ± 44 Ma (Daly et al. 1 99 1 )  and 
502 ± 28 Ma (Mørk & Stabel 1990) for metagabbros 
from Storvik on the Øksfjord peninsula. All of these 
samples, which have been dated earlier, were collected 
from what is believed to be the same large intrusion (the 
Stjernsund gabbro of Rabins & Gardner 1974). In view 
of the deformation and recrystallization which this intru
sion has suffered and the complex tectono-thermal his
tory of the Seiland Province in general, there can be 
some uncertainty as to the interpretation of these internat 
isochron ages. Daly et al. ( 199 1 )  postulated that 
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604 ± 44 Ma is an intrusion age for the Storvik metagab
bro, while Mørk & Stabel ( 1 990) presented evidence that 
the 502 ± 28 Ma isochron from the same intrusion dates 
metamorphic recrystallization. Mørk & Stabel ( 1990) 
note that a two-point isochron based on relict igneous 
Ca-rich pyroxene from the same sample and the whole
rock data gives an age of 620 ± 43 Ma, identical within 
error with the age reported by Daly et al. ( 199 1 ). On the 
basis of these earlier results and the metamorphic texture 
of the dated sample, it is considered most probable that 
the Sm-Nd and Rb-Sr isochron ages for the Lillebukt 
metagabbro date its recrystallization and not its emplace
ment. 

The hornblende clinopyroxenite was derived from a 
mantle source that was depleted, but not as severely as 
the model depleted mantle of DePaolo ( 1 98 1  ). The Nd 
and Sr isotopic compositions support derivation of the 
magmas which crystallized the host olivine gabbro and 
the hornblende clinopyroxenite and carbonatite betong
ing to the Lillebukt Alkaline Complex from isotopically 
similar sources. 
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