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The GåsØy In trusion of ga b b ron ori te a n d  di ori te i s  si tua ted i n  the westernmost Norwegi a n  Ca ledon i des. 
A Sm-Nd mi n era l i sochron on a di ori te ha s gi ven an a ge of 380 ± 26 Ma . In the ea sternmost pa rt of the 
pluton a gradua l cha n ge ca n b e  demon strated i n  the mi n era l a n d  whole-rock geochemi stry from a ma ssi ve 
a n d  la yered ga b b ron ori te to a hi ghly-differen ti a ted di ori te a s  well as gra n i ti c  rocks at i ts ma rgi n .  
Geochemi ca lly the i n trusion i s  sub a lka li n e  a n d  i ts trace-elemen t pattern i s  typi ca l of a sub ducti on -related 
en vi ron ment. Ma ss-b a la n ce ca lcula ti on s  b a sed on ob served mi n era l da ta suggest tha t the di ori tes were 
derived b y  fracti on a l  crystalli za ti on from a b a sa lti c pa ren t. In i ti a lly, pla gi oclase a n d  orthopyroxen e wi th 
lesser a moun ts of oli vi n e  a n d  cli n opyroxen e were fracti on a ted. In the producti on of the quartz-b ea ri n g  
di ori tes, fra cti on a ti on of pla gi oclase a n d  cli n opyroxen e wi th less oli vi n e  a n d  mi n or i lmen i te wa s opera ti ve. 
Evi den ce of crusta l con ta mi n a ti on a n d  ma gma mi xi n g  i s  gi ven b y  Sr-i sotopes a n d  zon ed pla gi oclase. 
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The southern end of Frøya and adjacent islands 
and skerries to the west and southwest comprise 
an intrusive body, the Gåsøy Intrusion (GI) (Fig. 
l). The exposed part of the in trusion is composed 
of unaltered gabbronorites and subordinate ultra
mafic and felsic rocks. A brief petrographic 
description of the gabbronorite was given by Kol
derup (1928). To the north and northeast diorites 
grade into quartz-bearing diorites (Fig. 1). On 
the southern end of Frøya, quartz-diorites and 
granites of the GI are in in trusive contact with a 
sedimentary melange, the Kalvåg Melange, in 
which metapelites have been metamorphosed to 
biotite-quartz hornfels with porphyroblasts of 
altered andalusite, staurolite and cordierite 
(Bryhn i  & Lyse 1985). The Kalvåg Melange is 
unconformably overlain by Devonian sediments, 
but its lower age limit is so far unknown. Reusch 
(1903) and Kolderup (1928) reported fossils of 
probable Ordovician-Silurian age, but this has 
not been confirmed. A tenuous line of evidence 
suggests, however, an age younger than that of 
the Solund-Stavfjord Ophiolite Complex, dated 
by U /Pb on zircons to 443 ± 3 Ma (Dunn ing  & 
Pedersen 1988). 

In this study we present Sm-Nd and Rb-Sr ages 
as well as whole-rock and mineral geochemistry 

of the Gåsøy Intrusion. Finally, we discuss the 
petrogenesis of the gabbronorite and diorites and 
how they may be related to each other by frac
tional crystallization. 

The Gåsøy Intrusion 

General description 

The gabbronorite exposed on the southern half 
of the archipelago (Fig. l) is generally massive, 
medium to coarse grained, with minor occur
rences of pegmatite and thin felsic veins and pods. 
Basic xenoliths occur within the massive part. On 
some of the islands, e.g. Gåsøy and Torbjørnhol
men (Fig. 1), the gabbronorite shows a faint, 
steeply-dipping modal lamination (Fig. 2A). 
Well-developed modal layering is rare but has 
been observed on one of the small islands south of 
Værøy (Fig. 2B). On the island of Gåsøy wehrlite 
occurs interlayered with gabbronorite and diorite. 
The diorite is in general massive and coarse 
grained. Because of limited exposure it is impos
sible to provide a three-dimensional structure of 
the Gl. However, the distribution of rock types 
(Fig. l) suggests that the partly layered gab-
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Fig. 2. A. Laminated gabbronorite cut by basic dyke. Location : 
Torbjørnhl. B. Layered gabbronorite/diorite. Location : Sma ll 
i sla n d  a bout 500 m south of Værøy. 

bronorites in the southern part (Fig. l) represent 
the lowermost exposed part of the intrusion. The 
rocks of the GI do not show any foliation, and 
appear to be undeformed. The GI is cut by basic 
dykes. The few examples that have been found 
cut the banding/layering at a high angle (Figs. l, 
2A). The dykes do not have chilled margins, but 
1-2 cm thick reaction zones in which pyroxene 
is converted to brown amphibole are common 
between the dyke walls and the host. 

Contact relations with the host 

The contact between the GI and the Kalvåg 
Melange can be studied on the southwestern part 
of Frøya and on the northern tip of Havreøy (Fig. 
1). At a distance of about 150 m from the quartz
bearing diorites (Fig. 1), thin (a few mm thick) 
acid rootless veins make their first appearance in 
the metapelitic rocks of the melange. Nearer the 
intrusion the numbers of acid veins and lenses 
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increase, and they most probably represent par
tial melts of the metasediments. Some of the 
veins are foliated and folded together with the 
metasediments (Fig. 3A), whereas in other cases 
they disrupt earlier veined and deformed meta
pelites (Fig. 3B). In the case of more extensive 
collection of acid melts into cm-thick irregular 
bodies and sheets, they appear undeformed. 
These apparently undeformed acid bodies, in 
some cases containing remnants of paleosome, 
may, however, grade into, or cut sharply across, 
veined and strongly deformed metasediments 
(Fig. 3C). Granitic pods and veins are also found 
in the quartz-bearing diorites (Fig. 3D). These 
relations show that the emplacement of the GI 
took place contemporaneously with, or sub
sequent to the deformation of the Kalvåg 
Melange. 

Age determinations 

Rb-Sr and Sm-Nd age determinations of the GI 
have been carried out in the isotope laboratory 
at the Mineralogical-Geological Museum, Uni
versity of Oslo. The analytical procedures and 
instrumental performances are similar to those 
described by Mearns (1986). The analytical data 
are presented in Tab le l and the resulting isochron 
fits in Fig. 4. The most reliable results are repre
sented by a Sm-Nd isochron based on mineral 
separates ( clinopyroxene, plagioclase, plagioclase 
+ apatite) from diorite 86-SF-83 (Fig. 1). The 
isochron fit of these data (Fig. 4a) yielded an age 
of 380 ± 26 Ma (MSWD = 1. 98). An identical 
result is obtained by a Rb-Sr isochron based on 
plagioclase, apatite and clinopyroxene mineral 
separates of sample 86-SF-83, combined with 
whole-rock samples of 86-SF-76 and 86-SF-83, 
which yields an age of 390 ± 29 Ma (MSWD = 

1. 8) (Fig. 4b). These ages indicate crystallization 
in the late Silurian or Devonian. Sample 86-SF-
83 has yielded the highest eNd (2. 5) and lowest 
eSr ( -4. 5), indicating that it represents the most 
primitive or least contaminated material of the 
intrusion, and hence has been chosen as the most 
reliable for age determination. Acid veins (86-
SF-74, 86-SF-77 and 86-SF-79), together with 
one of the quartz-bearing diorites (86-SF-81), 
define a poor isochron of 411 ± 30 Ma (MSWD = 

3. 9) and with an eSr of ca. 18 and an eNd of 
ca. -l. If comagmatic with the basaltic magma, 
the felsic dykes and veins and the marginal quartz
bearing diorites have been contaminated with a 
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Fig. 3. Contact relation s between the Gåsøy ln trusion and its host (the Kalvåg Melange). A. Network of thin acid veins, presumably 
generated by partial mettin g of the metapelite host. Note tha t the vein s a re strongly deformed. Ca. 100 m from the con ta ct with 
the diorites of the GI. B. Network of a cid vein s cuttin g disrupted metapelite. C. Granite vein s with slivers of metapelite. O. 
Gran ite vein cuttin g quartz-bearing diorite. Locations: Photos A, C a n d  D: Con ta ct a rea b etween Torshovden a n d  Lise!. Photo 
B: Little pen in sula on the n orthernmost tip of Ha vreøy (see Fig. 1) . 

crustal component. The other samples analysed 
have yielded eNd and eSr values approximately 
between the limits indicated (Table 1). 

Petrography 

The gabbronorites and diorites are medium to 
coarse-grained, occasionally pegmatititc rocks, 
with crystal shapes ranging from subhedral to 
anhedral. The gabbronorites are distinguished 
from the diorites on the basis of basic plagioclase 
composition, i. e. An > 50 = gabbronorite, 
An< 50 = diorite. The plagioclase and olivine 
crystals are dominantly subhedral to anhedral, 
whereas pyroxene, Fe-Ti oxides, amphibole and 
biotite are usually anhedral, though ortho
pyroxene frequently occurs as euhedral to 
subhedral crystals. Igneous lamination is 
common, but subophitic textures are observed in 
many samples. Apart from plagioclase crystals of 
variable size, the rocks are dominantly equi-

granular. The minerals of the gabbronorite are 
fresh, whereas in the more differentiated diorites 
and quartz-bearing diorites the margin of the 
intrusion hydrothermal alteration may be quite 
pronounced. This is expressed in clouding of 
plagioclase, conversion of orthopyroxene into 
bastite, and amphibole growth on the margins of 
clinopyroxene. Biotite may occur as individual 
crystals, but are common around Fe-Ti oxides. 
From textural relationships the crystallization 
sequence appears to be: olivine - Fe-Ti-oxide -
plagioclase - orthopyroxene - clinopyroxene -
amphibole - biotite - quartz. Apatite, zircon and 
sphene appear in the diorites and quartz-bearing 
diorites as minor constituents. 

Mineral chemistry 

Electron-microprobe analyses were carried out 
using an ARL SEMQ in the Geological Institute, 
University of Bergen, employing standard wave-
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Table l. Analytical data of mineral separates and bulk rock. 

Sm (ppm) Nd (ppm) 

86SF83 

Clinopyroxene 10.14 31.01 
Plagioclase 1.45 8.44 
Plag. + apatite 29.90 131.75 

86SF81 (bulk) 10.25 43.56 
86SF85 (bulk) 3.18 12.84 

Rb (ppm) Sr (ppm) 

86SF83 

Clinopyroxene 7.69 91.95 
Plagioclase 24.84 503.34 
Plag. + apatite 18.29 487.55 

86SF85 (bulk) 13 439 
86SF68 (bulk) 2 310 
86SF84 (bulk) 20 427 
86SF83 (bulk) 20 340 
78SF78 (bulk) 15 373 
86SF76 (bulk) 6 449 
86SF81 (bulk) 83 271 
86SF74 (bulk) 56 584 
86SF77 (bulk) 60 446 
86SF79 (bulk) 54 546 

length dispersive techniques (Reed 1975), an 
accelerating voltage of 15 KV, and a be am current 
of 10 nA. Well-characterized minerals, synthetic 
oxides and pure metals were employed as stan
dards. Net peak intensities, corrected for dead
time effects and beam-current drift as monitored 
from the objective aperture, were reduced by 
MAGIC IV (Colby 1968). 

A large number of electron microprobe analy
ses of olivine (2), plagioclase (222), ortho
pyroxene (84), clinopyroxene (81), Fe-Ti oxide 
(32), amphibole (25) and biotite (40) have been 
carried out, and representative analyses of each 
mineral are shown in Table 2. A more com
prehensive list of analyses is available on request 
from the senior author. 

Olivine as a fresh mineral is only present in 
gabbronorite. A representative analysis of olivine 
in sample 86-SF-67 gives a Fo-content of around 
69 (Table 2). 

Pyroxene. Both clinopyroxene and ortho
pyroxene are present throughout the intrusion. A 
significant compositional variation from Fe-poor 
to Fe-rich pyroxenes can be demonstrated (Fig. 
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147Sm/144Nd 143Nd/144Nd eNd (T = 380) 

0.199141 0.512796 ± 4 2.79 
0.104519 0.512559 ± 4 2.76 
0.136793 0.512647 ± 4 2.91 

0.14333 0.512465 ± 5 -0.96 
0.15074 0.512591 ± 5 1.14 

87Rb/86Sr 87Sr/86Sr ESr (T = 380) 

0.24204 0.705070 ± 30 -4.23 
0.14271 0.704500 ± 30 -4.70 
0.10851 o. 704370 ± 30 -3.91 

0.08566 0.705290 ± 30 10.91 
0.01866 0.704250 ± 30 1.29 
0.13547 o. 704810 ± 30 0.26 
0.17014 0.704700 ± 30 -3.96 
0.11631 0.704310 ± 30 -5.37 
0.03865 0.703950 ± 30 -4.51 
0.88634 0.710390 ± 30 21.81 
0.27741 0.706890 ± 30 18.90 
0.38921 0.707540 ± 30 19.54 
0.28612 0.706820 ± 30 17.23 

5, Table 2). Pyroxene compositiOns are also 
shown on the map of Fig. 8. 

Plagioclase. The plagioclase compositions show 
marked differences from An 69. 5  in the most
primitive gabbronorite to An 22. 5 in the most
differentiated quartz-bearing diorite (Fig. 6, 
Table 2). Within each sample there is a marked 
variation in the An content, ranging from 4. 6 to 
20 . 9  mol% An in samples 86-SF-67 and 86-SF-
85, respectively (Fig. 6). Normal as well as oscil
latory and reverse zoning is common in the plagio
clase (Fig. 7). In some of the quartz-bearing 
diorite samples (86-SF-81) as well as in the gran
ites, mantled feldspars, showing a core of strongly 
sericitized K-feldspar overgrown by plagioclase, 
are common. 

Biotite. The composition of biotite changes pro
gressive[ y from a Mg-rich/Fe-poor type in the 
gabbronorite to a Mg-poor/Fe-rich type in the 
quartz-bearing diorite (Fig. 8, Table 2). 

Amphibole. According to the classification to 
Leåke (1978), the amphibole can be classified 
as ferroan paragasite, magnesio-homblende, 
edenite, ferroedenitic homblende and ferro-hom-
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blende. There is, as demonstrated for the minerals 
described above, a systematic change in com
position from gabbronorites to the quartz-bearing 
diorites. The gabbronorites and the least-dif
ferentiated diorites contain ferroan pargasite, 
magnesio-hornblende and edenite, whereas in 
quartz-bearing diorites ferroendenitic horn blende 
and ferro-hornblende occur (Table 2). 

Fe-Ti oxide. All the analysed Fe-Ti oxide crys
tals are ilmenite (Table 2). In the least-frac
tionated diorites (sample 86--SF-84) and quartz
bearing diorites (samples 86--SF-80 and 86--SF-
81), ilmenite shows little compositional variation. 

Whole-rock geochemistry 

The whole-rock geochemical analyses were car
ried out using a Philips PW 1450 automatic X-

ray fiuorescence spectrometer at the Geological 
Institute, University of Bergen . The glass-bead 
technique of Padfield & Gra y (1971) was used for 
the major elements and pressed-powder pellets 
for the trace elements using international basalt 
standards for calibration and Flanagan's (1973) 
recommended values. 

To present meaningful whole-rock analyses for 
petrogenetic consideration each sample should 
ideally represent a liquid composition . Such con 
ditions are, in th is case, not fully achieved, 
because of possible cumulative effects. The 
samples used (Tab le 3), however, h ave been care
fully selected on the basis of their textures and 
major- and trace-element characteristics from a 
larger data base. Thus, samples which on this 
basis show clear evidence of representing cumu
lates have been excluded from the further disens-
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Table 2. Mi n e ra l  a n a lyses of the Gåsøy In trusi on used i n  pe trogra phi c-mi xi n g  ca lcula ti on s. 

OI Opx Cpx 
---

86SF67 86SF67 86SF68 86SF78 86SF81 87SF104 

Si 02 37.70 54.79 52.98 51.32 50.68 50.47 
Ti 02 0.07 0.95 0.50 0.29 0.06 
Al203 1.18 2.80 2.01 0.98 0.70 
Cr203 0.03 0.22 0.14 0.04 0.03 
Fe o• 28.26 16.73 6.93 10.62 15.74 16.76 
Mn O 0.50 0.42 0.12 0.28 0.40 0.38 
Mg O 35.52 27.28 17.01 13.54 10.18 8.97 
Ca O 0.04 1.44 21.17 20.84 19.81 20.60 
Na 20 0.08 0.27 0.37 0.27 0.34 

Tota l 102.62 100.98 102.45 99.51 98.39 98.10 

O= 4 6 6 

Si 0.985 1.966 1.906 1.914 1.978 1.987 
Ti 0.002 0.026 0.020 0.009 0.002 
Al 0.050 0.119 0.107 0.045 0.033 
Cr 0.001 0.006 0.004 0.001 0.003 
Fe 0.631 0.502 0.208 0.336 0.514 0.552 
Mn 0.011 0.013 0.004 0.009 0.013 0.013 
Mg 1.383 1.443 0.912 0.763 0.592 0.526 
Ca 0.001 0.027 0.816 0.844 0.828 0.869 
Na 0.005 0.019 0.027 0.020 0.026 

Mg/(Mg +Fe ) 0.687 

X 2.00 2.00 2.00 2.00 2.00 
WXY 2.01 2.02 2.02 2.00 2. 01 
En 73.2 47.1 39.3 30.6 27.0 
Fe 25.4 10.8 17.3 26.6 28.3 
Wo 1.4 42.1 43.3 42.8 44.7 

Pla gi ocla se Amphi b ole 

86SF67 86SF75 87SF104 86SF81 86SF85 86SF81 

Si 02 53.04 58.72 62.05 61.35 45.75 42.52 
Ti02 1.34 1.37 
AI203 29.40 26.31 24.99 24.44 8.52 9 .48 
Cr203 0.00 0.08 
Fe O* 16.16 23.04 
Mn O 0.37 0.30 
Mg O 13.24 8.70 
Ca O 12.08 8.28 6.47 5.44 10.63 9.80 
Na 20 4.46 6.74 7.78 8.31 1.49 0.93 
K20 0.06 0.17 0.09 0.17 0.44 0.81 

Tota l 99.04 100.22 101.38 99.71 97.95 97.03 

O= 32 23 

Si 9.679 10.470 10.861 10.912 6.777 6.592 
Ti 0.149 0.160 
Al 6.324 5.528 5.156 5.124 1.488 1.732 
Cr 0.000 0.010 
Fe 2.001 2.986 
Mn 0.047 0.039 
Mg 2.924 2.011 
Ca 1.036 1.582 1.213 1.036 1.687 1.627 
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Table 2. (continued) 

Plagioclase Amphibole. 

86SF67 86SF75 87SFI04 86SF81 86SF85 86SF81 

Na 1.576 2.331 
K 0.013 O.Q38 

Mg/(Mg +Fe ) 

z 16.003 15.998 
X 3.951 3.951 
Ab 39.9 59.0 
An 59.8 40.0 
Or 0.3 l. O 

Bi oti te Ilm e n i te 

86SF81 86SF75 

Si 02 35.36 
Ti 02 4.03 52.13 
Al203 14.60 
Cr203 O.ot 0.06 
Feo• 25.36 47.38 
Mn O 0.16 1.10 
MgO 7.76 0.15 
Ca O 0.03 
Na 20 0.10 
K20 8.81 

Tota l 96.22 100.82 

O= 11 6 

Si 2.751 
Ti 0.236 1.970 
Al 1.339 
Cr 0.001 0.002 
Fe 1.650 1.991 
Mn 0.010 0.047 
Mg 0.900 0.011 
Ca 0.002 
Na O.ot5 
K 0.874 

Mg/Fe 0.55 

sion of petrogenesis. The complete set of analyses 
will, however, be available upon request from the 
senior author. Hence, analyses presented in the 
diagrams of Figs. 9-11 are considered to reftect 
the liquid evolution. From field evidence it seems 
reasonable that the basic and felsic dykes are 
cogentic with the evolution of the gabbronorite/ 
diorite. Thin section studies, however, show that 
the basic dykes contain appreciable amounts of 
phenocrysts, particularly plagioclase, and they 
have therefore been ignored in the further petro
genetic consideration. In the (Na20 + KzO) -

2.642 2.865 0.429 0.280 
0.020 0.040 0.084 0.160 

0.59 0.40 

16.017 16.036 
3.875 3.941 

68.2 72.7 
31.3 26.3 
0.5 l. O 

86SF81 

54.46 

0.06 
44.87 
2.51 
0.10 

102.00 

2.012 

0.002 
1.844 
0.104 
0.007 

Si02 diagram (Fig. 9A) , the data show a subal
kaline affinity, and in the AFM diagram (Fig. 9B) 
they closely follow, with the exception of sample 
87-SF-104, the boundary line between the tho
leiitic and calc-alkaline series. In Bowen diagrams 
(Fig. 10), an enrichment of Ti02, FeO(t) and 
P205 occurs as MgO decreases to around 2 wt% 
(represented by sample 87-SF-104). These 
elements decrease rapidly at lower MgO values, 
while Si02 increases. CaO shows a marked 
decrease from ca. 6 wt% MgO, whereas Ni and Cr 
show a more continuous decrease with decreasing 
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Ref.no,Field no,n:cpx,n:opx 

1 86-SF-68 14 3 
2 86-SF-67 1 9 
3 84-2BRP 1 3 
4 86-SF-70 8 
5 86-SF-76 8 9 
6 86-SF-71 11 
7 86-SF-85 5 
8 86-SF-84 9 7 
9 86-SF-78 8 8 

10 86-SF-83 10 

11 86-SF-75 2 7 

12 86-SF-64 4 1 O 
13 84-5BRP 5 9 
14 86-SF-80 4 

15 86-SF-81 8 
16 87-SF-104 2 

• Gabbro &diorite 
* Basic dykes 

Fig. 5. Composi ti on of pyroxen es expressed i n  terms of a tomi c ra ti o Ca : Mg: Fe. Cpx a n d  opx from the sa me sa mples a re con nected 
by ti e-li n es. 
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MgO. This shows the effects of the removal of 
olivine and clinopyroxene from the melt. Ba 
increases progressively as MgO decreases, 
whereas in the case of Y, Zr, Nb and Ce, these 
elements reach maximum concentrations at 
around 2 wt% MgO (Fig. 10). 

Discussion 

Tectonic environment 

Fig. 11. shows the MORB normalized trace
element patterns of the most representative dior
ites of the Gl. From Y through to Rb there is a 
steady increase in the Rock/MORB ratio, with 
marked negative anomalies for Ti and Nb. Rela
tive to Rb, there is a marked drop in the con 
centrations of K and Sr. Such a pattern is typical 
of subduction-related magmatism (e. g. Thomp
son et al. 1984; Thorpe et al. 1984; Holm 1985). 

Petrogenesis 

Clear evidence that fractional crystallization has 
been operative during the evolution of the GI is 
provided by the whole-rock geochemistry (Figs. 
9, 10), and in particular the compositional ranges 

Fig. 8. Ma p showi n g  the 
di stri b uti on of pla gi oclase (An 
conten t) , pyroxen e a n d  b i oti te 
da ta (mg va lues: 100 Mg/ 
(Mg + Fe + Mn ) )  i n  the 
Gåsøy ln trusi on (shown i n  
b la ck) . The sta rs show depths 
b etween O a n d  l O m, a n d  the 
l 00 a n d  200 m contour lin es 
a re shown . These b a thymetri c 
da ta gi ve some i n di ca ti on 
a b out the exten t of the 
un exposed pa rt of the Gåsøy 
In trusi on . 



z o � V>
 � Cl tn
 o r
 o Cl 

T
ab

le
 3.

 M
aj

or
 a

nd
 t

ra
ce

 e
le

m
en

t 
co

m
po

si
ti

on
 o

f 
th

e 
G

ås
øy

 l
nt

ru
si

on
. 

(ii � ::l 
F

ie
ld

 n
o.

 
Si

0
2 

T
i0

2 
A

lP
3 

F
e O

* 
M

n O
 

M
g O

 
C

a O
 

N
a2

0
 

K
20

 
P

20
s 

L
O

I 
T

ot
al

 
o V>

 
V>

 
G

ab
br

o 
an

d
 d

io
ri

te
 

� � 
86-

SF
-7

0 
52

.5
0 

0.
81

 
16

.2
3 

8.
86

 
0.

17
 

9.
48

 
9.

28
 

3.
12

 
0.

36
 

0.
08

 
0.

03
 

100
.9

2 
� 

86
-S

F
-7

5 
52

.8
5 

1.
48

 
16

.3
9 

9.
99

 
0.

19
 

5.
99

 
9.

12
 

3.
36

 
0.

56
 

0.
27

 
0.

40
 

100
.6

0 
a-

86
-S

F
-7

8 
52

.2
9 

1.
84

 
17

.0
8 

9.
11

 
0.

17
 

5.
87

 
8.

70
 

3.
36

 
0.

69
 

0.
17

 
1.

10
 

10
0.

38
 

'Cl
 

�
 

86
-S

F
-8

3 
52

.7
1 

1.
94

 
16

.9
3 

10
.4

0 
0.

18
 

5.
22

 
7.

79
 

3.
55

 
1.

07
 

0.
43

 
1.

60
 

10
1.

82
 

:;:; 
86

-S
F

-8
1 

55
.6

4 
1.

60
 

16
.6

0 
9.

81
 

0.
16

 
3.

27
 

6.
34

 
3.

54
 

2.
33

 
0.

55
 

0.
80

 
100

.6
4 

�
 

87
-S

F
-1

04
 

52
.1

2 
1.

83
 

17
.4

3 
11

.5
3 

0.
17

 
1.

99
 

6.
30

 
3.

13
 

1.
82

 
0.

62
 

1.
50

 
98

.4
4 

F
el

si
c 

dy
ke

s 
86

-S
F

-7
7 

65
.1

8 
0.

49
 

17
.2

0 
3.

98
 

0.
09

 
1.

43
 

4.
15

 
4.

67
 

2.
41

 
0.

21
 

0.
50

 
100

.3
1 

86-
SF

-7
9 

64
.6

4 
0.

56
 

17
.1

0 
4.

61
 

0.
08

 
1.

24
 

4.
03

 
4.

10
 

1
.9

6 
0.

18
 

0.
60

 
99

.1
0 

86-
SF

-7
4 

68
.1

1 
0.

42
 

16
.9

4 
2.

48
 

0.
04

 
0.

68
 

3.
31

 
5.

06
 

1.
81

 
0.

11
 

1.
00

 
99

.9
6 

F
ie

ld
 n

o.
 

V
 

C
r 

N
i 

Rb
 

S
r 

y 
Z

r 
N

b 
Ba

 
C

e 

G
ab

br
o 

an
d 

di
or

it
e 

86
-S

F
-7

0 
12

6 
41

2 
86

 
o 

35
6 

16
 

41
 

2 
91

 
o 

86-
SF

-7
5 

19
5 

21
5 

62
 

l 
35

0 
37

 
92

 
4 

10
9 

10
 

86-
SF

-7
8 

23
4 

15
8 

60
 

10
 

38
0 

23
 

98
 

7 
18

0 
8 

86-
SF

-8
3 

25
7 

12
0 

41
 

18
 

34
4 

41
 

12
2 

11
 

1
95

 
35

 
86-

S
F

-8
1 

16
3 

48
 

19
 

87
 

27
8 

56
 

32
6 

20
 

34
9 

97
 

87
-S

F
-1

04
 

18
3 

28
 

20
 

41
 

3
35

 
63

 
50

! 
20

 
43

8 
10

7 

F
el

si
c 

dy
ke

s 
�

 
� 

86-
S

F
-7

7 
64

 
31

 
11

 
65

 
45

2 
12

 
13

7 
lO 

41
2 

47
 

C)
 

86-
SF

-7
9 

70
 

33
 

13
 

57
 

54
8 

12
 

19
3 

9 
50

0 
60

 
�

 
86

-S
F

-7
4 

45
 

26
 

12
 

59
 

58
7 

8 
18

9 
9 

52
1 

70
 

�
 

�
 

� "' c:;·
 

;:: N
 

00
 

w
 



284 H. Furnes et al. 

of plagioclase, pyroxenes and biotite (Figs. 5, 6, 
8) . In order to test the extent to which fractional 
crystallization of one or various combinations of 
minerals controlled the whole-rock geochemical 
trend, petrographic-mixing calculations based on 
a modified computer program by Bryan et al. 
(1969) have been carried out. A large number of 
possible parent-daughter pairs, combined with 
appropriate mineral data (Table 2) were tested, 
and the most plausible alternatives are presented 
here (Table 5) . A further test of the reliability of 
the proposed models is provided by the cal
culation of trace-element concentrations, based 
on the proportion of extracted minerals. For such 
calculations uncertainties are introduced by the 
choice of mineral/melt partition coefficients 
which may show large variations (e. g. Arth & 
Hanson 1975) . Those used for this account are 
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Fig. 9. Na20 + K20 vs. Si 02 (a) an d Na20 + K20- FeO(t) -
MgO (b ) plots of selected samples from the Gåsøy In trusi on . 
The b oun dary li n e  b etween alkali n e  an d sub alkali n e  fields i n  
(a) i s  taken from Macdon ald & Katsura (1964) . The b oun dary 
b etween the tholei i ti c  (TH) an d calc-alkali n e  (CA) fields of (b ) 
i s  taken from lrvi n e  & Baragar (1971) . 

listed in Table 4. To drive the composition of the 
GI from that of a gabbronorite (sample 86-SF-
70) to a typical diorite (sample 86-SF-75) , extrac
tion of around 53% of olivine, orthopyroxene, 
clinopyroxene and plagioclase, of which plagio
clase and orthopyroxene dominate, gives a satis
factory result (Table 5a) . Also the calculated 
trace-element concentrations of the parent com
pare well with the analysed values. Ni shows a 
somewhat high calculated value, but th is is very 
sensitive to the choice of olivine/melt partition 

12 Fe01 o Al203 

l 19 
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15 
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�Sr y 
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300 �� 40 � � 100 o 
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Mg O 

Fig. JO. MgO elemen t di agrams (Bowen di agram) of selected samples from the Gåsøy In trusi on . Samples used as parent-daughter 
pai r i n  modelli n g  (Tab le Sa, b) are i n di cated an d con n ected b y  ti e-li n es. Open squares: gab b ron ori te an d di ori te. Squares wi th 
crosses: Felsi c vei n s. 



NORSK GEOLOGISK TIDSSKR!Fr 69 (1989) 

t 
6 

o 
"['4 
+ 
o 3 

"' 
"' 
z 2 

o 
45 

® 

Alkaline 

.. 

Subalkaline 

Si02 

@ 

50 55 60 

--+ 

o 

Fe01 

87-SF-104 
X 

.._y. ,y.x' -.-., ............ "'6t- )( ',, 

.... o x, 

o ' 

o o 

o 

65 70 

• Gabbronorite 
o Felsic dyke 

"' 
a: 
o 
:; 

"' 
" 
o 
a: 

50 

10 

0.5 

The Gåsøy Intrusion 285 

• 86·SF-81 
x .87 ·SF -104 
o 86 - SF - 83 

0. 1-'-,----r--.-�.--".-�--,---,----.---'; 
Sr K Rb Nb Ce P Zr Ti Y Cr 

(120) (0.15) (2) (4) (10) (0.12) (90) (1.5) (30) (250) 

Na2o 
Fig. l l. Trace-element patterns of selected diorite samples from 

+ ,_ _________________ --,:> 
the Gåsøy Intrusion. Average MORB values are taken from 

K20 MgO Pearce (1980). 

Table 4. Mineral/melt partition coefficients used in modelling. 

Cpx 
OI Opx 
(b) (b) (b) (i) (a) 

Ni 10f 4f 2f 
Cr 0.2f 2f !Of 
Sr 0.016<1 0.016<1 0.17d 
y 0.01g 0.2g 0.5g 1. 5g 4g 
Zr 0.01g 0.03g 0.1g 0.23g 0. 6g 
Nb 0.01g 0.15g 0.1g 0.3g 0.8g 
Ba 0.005e O.Olle 0.002e 
Ce 0.001d O.OOld 0.04d 

Bi Am ph 

(i)&( a) (b) (i) (a) (i) 

Ni 3. 0f 
Cr 12f 
Sr 0. 12a 0.43a 0.02a 
y 1.23h lg 2.5g 6g 20g 
Zr 1.2h 0.5g 1.4g 4g 
Nb 6.36h 0.8g 1.3g 4g 
Ba 6. 36a 0. 42a 0.04a 
Ce 3.94h 0.2a 1.52a 34. 7a 

Plag 

(b) (i) (a) 

0.04c 
O.OOlf 
2.2b 2.84a 4.4a 
0.03g 0.06g 0.1g 
0.01g 0.03g 0.1g 
0.01g 0.03g 0.06g 
0.33b 0.36a 0.31a 
O. llb 0.24a 0.27a 

Apa tite 

(a) 

40g 

Partition coefficients taken from: (a) Arth & Hanson (1975); (b) Drake & Weill (1975); (c) Lindstr6m (1976); (d) Frey et al. 
(1978); (e) Irvine (1978); ( f) Cox et al. (1979); (g) Pearce & Norry (1979); (h) Nash & Crecraft (1985). Partition coefficients for 
basaltic, intermediate and acid rocks are indicated as (b), (i) and (a), respectively. 
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Table Sa. Least squares mass balance models for the compositional change from parent (gabbronorite) to derivative (quartz-
bearing diorite) by fractional crystallization. 

Obs. Calc. Obs. Calc. Calc. 
Deriv. Par. Par. Deriv. Par. Par. Par. 

86SF75 86SF70 86SF81 86SF75 2 

Si02 52.85 52. 50 52.25 55.64 52.85 53.00 52. 55 
Ti02 1. 48 0. 81 0.77 1.60 1.48 2.18 1.67 
AI,OJ 16.39 16. 23 16. 18 16.60 16.39 15. 78 16. 17 
Feo• 9. 99 8. 86 8.86 9. 81 9.99 9. 20 9.71 
Mn O 0.19 0. 17 0.18 0. 16 0.16 0.18 0.21 
MgO 5.99 9.48 9. 40 3.27 5. 99 6. 29 6.22 
Ca O 9. 12 9. 28 9.24 6. 34 9.12 8. 64 8.92 
Na20 3.36 3.12 2.84 3. 54 3. 36 3. 71 3.68 
K,O 0.56 0.36 0.28 2.33 0. 56 1.00 0. 88 
P205 0.27 0.08 0.20 0.55 0.27 0.24 0.24 

Percent derivative 47. 1 40.8 28. 5 
Olivine 5. 6 7. 9 
Orthopyroxene 12. 6 
Clinopyroxene 7. 2 16. 1 2. 8 
Plagioclase 27.2 32. 9 31. 5 
Ilmenite 2. 7 1.3 
Amphibole 37. 4 
Sum of squares ( r2) 0.08 2.13 0. 42 

Observed ( ) and calculated trace element abundances 
Cr (215) (412) 414 (48) (215) 254 57752 
Ni (62) (86) 165 (19) (62) 19 42 
Sr (350) (356) 397 (278) (350) 370 363 
y (37) (16) 19 (56) (37) 26 32 
Zr (92) (41) 44 (326) (92) 137 130 
Nb (4) (2) 2 (20) (4) 8 10 
Ba (109) (91) 59 (349) (109) 169 157 
Ce (lO) (n.d.) 5 (97) (10) 42 34 

Key to minerals used in mi.xes: 86-SF-70 ( parent) - 86-SF-75 (derivative) : Olivine. orthopyroxene and plagioclase from 86-SF-
67; clinopyroxene from 86-SF--{iS. 86-SF-81 ( parent) - 86-SF-75 (derivative) : Olivine from 86-SF-67; plagioclase and ilmenite 
from 86-SF-75; clinopyroxene from 86-SF-78; amphibole from 86-SF-85. 

coefficient. To generate the more differentiated 
quartz-bearing diorite (represented by sample 86-
SF-81) from the composition of diorite 86-SF-75 
is more problematic when taking trace-element 
concentrations into consideration. In Table Sa 
two fractionation models are presented, the first 
one in which plagioclase, clinopyroxene, olivine 
and minor ilmenite are removed, and the second 
in which amphibole and plagioclase with minor 
amounts of clinopyroxene and ilmenite are 
removed. In terms of major elements, and also 
with respect to most of the incompatible trace 
elements, the second model appears to be the 
most satisfactory. However, in terms of Cr, when 
applying the partition coefficient for amphibole/ 
melt as given in Table 4, the calculated parent 
has a concentration which is 269 higher than that 

of the observed parent. Also, amphibole as 
euhedral phenocrysts is rare. On this basis, we 
therefore tind it unlikely that amphibole was the 
main fractionating mineral, and consider the first 
model as the most plausible. 

The genera ti on of granitic liquids by continued 
crystal fractionation from a quartz-bearing dior
itic parent may give reasonable results with 
respect to major elements, but very poor results 
with respect to all trace elements (Table 5b). The 
most fractionated felsic material (sample 86-SF-
74, Table 3) may be derived by some 25% crystal 
fractionation from a liquid with the composition 
of sample 86-SF-77. Two models are shown in 
Tab le 5b in which both plagioclase and biotite are 
the dominant fractionating minerals. Both models 
gi ve reasonable results with respect to Sr, Zr, Nb 
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Table 5b. Least squares mass balance models for the compositional change from parent ( quartz-bearing diorite) to derivative 
(granite) by fractional crystallization. 

Obs. Calc. Obs. Calc. Calc. 

Deriv. Par. Par. Deriv. Par. Par. Par. 

86SF77 86SF81 86SF74 86SF77 2 

Si02 65. 18 55.64 55.21 68.11 65.18 65.34 65.29 
Ti02 0.49 1.60 1.63 0. 42 0.49 0. 62 0.65 
Al203 17.20 16.60 16.26 16.94 17.20 17. 19 17.22 
FeO* 3.98 9. 81 9.68 2.48 3.98 4.15 4. 14 
Mn O 0.09 0.16 0.14 0.04 0. 09 0.05 0.05 
MgO 1. 43 3.27 3. 43 0.68 1.43 1.29 1.21 
Ca O 4.15 6.34 6.24 3. 31 4.15 4. 08 3. 95 
Na20 4.67 3.54 4.18 5.06 4. 67 4.88 4. 89 
K20 2. 41 2.33 2. 62 1. 81 2.41 2.10 2. 12 
P20, 0.21 0.55 0.61 0. 11 0.21 0.32 0. 47 

Percent derivative 38. 3 82. 6 84. 7 
Clinopyroxene 8. 6 2.4 
Plagioclase 27. 0 8. 6 7. 2 
Ilmenite 0. 9 
Amphibole 8.1 1. 8 
Biotite 18. 1 6.7 6. 3 
Apatite 1.3 0.5 0.9 
Sum of squares (r2) 0.64 0. 22 0.34 

Observed ( ) and calculated trace element abundances 
Sr (452) (278) 590 (587) (452) 731 625 
y (12) (56) 16 (8) (12) 9 26 
Zr (137) (326) 91 (189) (137) 174 179 
Nb (lO) (20) 27 (9) (lO) 12 Il 
Ba (500) (349) 1350 (521) (500) 693 596 
Ce (60) (97) 181 (70) (60) 94 613 

Key to minerals used in mixes: 86-SF-81 (parent) - 86-SF-77 (derivative): All mineral data, except apatite, from 86-SF-81. 
Apatite from Deer et al. (1970) (anal. l, Table 50). 86-SF-77 (parent) - 86-SF-74 (derivative): Clinopyroxene and plagioclase 
from 87-SF-104; amphibole and biotite from 86-SF-81; apatite as above. 

and Ba, but on the basis of Y of Ce concentrations 
model 2 seems unrealistic. In all models ilmenite 
has been excluded from the calculations due to 
the Jack of appropriate partition coefficients. 

Magma mixing and crustal contamination may 
have contributed to the misfits in the mass-balance 
and trace-element calculations towards the more 
differentiated members of the GI. A number of 
samples from the GI have been analysed for Sr 
isotopes (Table 1), and give evidence that the 
most differentiated material has suffered crustal 
contamination. Thus, the isochrons based on acid 
veins/quartz-bearing diorite, and gabbronorite/ 
diorite/basic dyke, give initial 87Sr/86Sr ratios of 
0.7052 and 0.7037, respectively. The highest 87Sr/ 
86Sr value of the most acid components may thus 
be a result of contamination by older, more 

radiogenic material. Field evidence, giving evi
dence for the production of granitic melts by 
partial melting of metasediments, support con
tamination. Various types of zoning in the 
plagioclase show different magmatic conditions 
during crystallization. While continuous normal 
zoning indicates equilibrium fractionation, discon
tinuous, reverse zoning occurs during superim
posed disequilibrium (Loomis 1982). The latter 
maybecaused bymagmamixing (e.g. Mørk 1984). 
This is further suggested by the mantling of feid
spar (Hibbard 1981). 

Concentric zoning with increasing acidity 
towards the core is most commonly observed in 
mesozonal plutons (e.g. Tindle & Pearce 1981; 
Stephens et al. 1985). From the limited data, 
confined largely to a small part of the margin of 
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the GI, which on the basis of bathymetry (Fig. 8) 
may be of considerably larger size than that shown 
in Fig. l, it may be suggested that the GI rep
resents a zoned intrusion in which the bottom 
part consists of layered gabbronorite and the 
upper part of diorites. J'he GI may thus largely 
represent the products of fractional crystallization 
modified by some unquantified amount of crustal 
contamination and magma mixing. 

Conclusions 
The main features of the Gåsøy Intrusion may be 
summarized as follows: 

l. lts central to lower part consists of massive 
to banded/Iayered gabbronorite interlayered 
with wehrlite and diorite. The upper part con
sists of massive, medium to coarse grained 
diorite, grading progressively into more dif
ferentiated quartz-bearing diorite and finally 
granite towards the contact with its host (the 
Kalvåg Melange). 

2. A Sm-Nd mineral isochron (based on sep
arated plagioclase, clinopyroxene and apa tite) 
from the diorite yields an age of 380 ± 26 Ma. 
Rb--Sr whole-rock dating of several samples 
gives similar ages. 

3. The trends defined by the major elements and 
mineralogical compositions indicate a tran
sitional character between calc-alkaline and 
tholeiitic affinities. The trace-element patterns, 
in particular the negative Ti and Nb anomali es, 
show clear evidence of subduction. 

4. Least-squares, mass-balance modelling com
bined with comparison between observed and 
calculated trace-element abundances indicate 
the following: (a) To change the compo
sitions from a gabbronorite (MgO ca. 9.5 wt%) 
to a diorite (MgO ca. 6 wt%) would indicate 
ca. 53% fractional crystallization of olivine 
(lO%), plagioclase (52%), orthopyroxene 
(24%) and clinopyroxene (14% ). 

(b) To change the diorite composition from 
a MgO content of 6 wt% to ca. 3.3 wt% 
requires a further 59% fractional crystallization 
of olivine (13.5% ), ilmenite (4.5% ), plagio
clase (55%) and clinopyroxene (27% ). 

(c) To further change the liquid from a dior
ite (MgO ca. 3.3 wt%) to a granitic com
position (MgO ca. 1.4 wt%) may be achieved 
by a further about 60% fractional crystal
lization of plagioclase ( 42% ), ilmenite (1.5% ), 

NORSK GEOLOGISK TIDSSKR!Ff 69 (1989) 

clinopyroxene (13.5% ), amphibole (12.5% ), 
biotite (28.5%) and apatite (2% ). However, 
calculated trace-element concentrations show 
large deviations from observed values. Evi
dence of crustal contamination (Sr isotopes) 
and magma mixing (zoning and mantling of 
feldspars) might have contributed to the poor 
results. 
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