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Compositional variations among gabbroic intrusions in the Oslo rift 
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LITHOS Neumann, E.-R., Larsen, B.T. and SundvoU, B., 1985. Compositional variations among gabbroic intrusions 
in the Oslo rift. Lithos, 18: 35-59. 

Magmatic activity associated with the formation of the Oslo rift, South Norway, in Permo-Carbonif- 
erous time includes formation of a series of gabbroic intrusions of minor volume. The rock types in these 
intrusions range from pyroxenite and gabbro to monzonite and anorthosite. The mafic units bear evidence 
of the crystallization order ol ~ cpx ~ -+opx ~ plag, whereas the more evolved rock types have crystal- 
lized olivine and plagioclase before cfinopyroxene. Amphibole occasionally represents an early phase. 
Major and trace element data imply that removal of clinopyroxene has dominated the early crystallization 
history of all these rocks, this is also true for rocks which give petrographic evidence of crystallization of 
cpx after plag. Rb-Sr isotope data define a whole rock age of 265 +- 11 for the Snaukollen and a mineral 
age of 266 +- 5 Ma for the Dignes intrusion. Whole rock samples from the other intrusions, however, do 
not define isochrons but cover a range of 87Sr/86Sr ratios from 0.70395 to 0.71187. 

It is concluded that the gabbroic Oslo rift rocks are produced through a two-stage crystallization 
history combined with crustal contamination: 

(1) Mafic magmas ascending from some melt region in the mantle were retained in the lower crust 
where they crystallized olivine and clinopyroxene. 

(2) At different stages of evolution residual magmas rose to their present position in the upper crust. 
Depending on composition, the crystallization sequence there was ol ~ cpx ~ plag or ol ~ plag ~ cpx. 

(3) During the final stage of evolution the magmas were to different degrees contaminated by Pre- 
cambrian amphibolite facies and Cambro-Silurian carbonaceous country rock. Early crystallization of 
amphibole combined with interstitial calcite in some rocks, and highly variable Fe 3+ contents in clino- 
pyroxene imply significant variations in the volatile phase of the magmas which gave rise to the gabbroic 
rocks. These differences may have been introduced through the contamination. However, the possibility 
of primary compositional contrasts cannot be excluded. 

(Received January 20, 1984; revised version accepted June 7, 1984) 

Introduction 

The Oslo Region mildly alkaline province formed 

in the Permo-Carboniferous period through an intra- 

cont inental  r if t ing episode accompanied  by extensive 

magmat ism (Fig. 1). The magmat ic  activity started 

about  304 Ma ago with erupt ions mainly o f  basalts 

and rhomb porphyry  lavas f rom fissures, later f rom 

central  volcanoes,  and te rmina ted  with the emplace-  

ment  of  large in termedia te  to silicic bathol i ths ,  the 

youngest  o f  which is 245 Ma old (Ramberg  and 

Larsen, 1978; Sundvoll ,  1978a). 

Basic intrusions o f  minor  volume also occur  in the 
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Oslo rift. Fif teen small bodies are known,  six o f  

which are double or triple,  plus some very small 

occurrences (Fig. 1). The basic plutonic  rocks were 

first described by Br~bgger (1894,  1931, 1933a, b). 

Init ially he called them gabbrodiabase and basic erup- 

tive rocks, but  later (1931)  he classified them as 

essexites a l though they  do no t  conta in  nepheline.  

In an a t t empt  to remedy this inconsis tency,  Barth 

(1945)  in t roduced  the name "Oslo-essexi te" ,  which 

has since been used in the l i terature.  A suggestion to 
reclassification is discussed below. 
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/ f:!:.~-~!~!,:) GABBROIC INTRUSIONS 
[ ]  Ravalsjoen (ER) 7 km N.E. "~'- IN THE OSLO RIFT, S.E. NORWAY 

PIS ' ?,i :',)~!'i-i~::: Upper Palaeozoic Lower Palaeozoic 
intrusions sediments 

~ ~ !  Upper Palaeozoic Precambrian ~ i ~  
lavas and sediments ~ metamorphic rocks 

P6 H=Hovlandite A=Anorthosite ~ Prominent faults 
M=Modumite RP=Rhomb porpl]yry P6 

p=Pyroxenite T=Trachyte 1 km 

Fig. 1. The central diagram is a generalized geological map of the Os]o rift showing the locations of the gabbroic intrusions. The 
surrounding maps show rock types and sample localities in the bodies described in this paper. Data are from Bragger (1933), 
Barth (1945), Ramberg (1970) and the present authors. Hovlandite = syenogabbro occurring as a borderfacies between modumite 
and granite. Modumite = anorthosite of  bytowrtitic composition bearing hornblende or biotite. Abbreviations: BR = Brandbu- 
kampen, T = Tingelstad, S = S¢lvsberget, VI = Viksberget, BA = Ballangrudkollen, U = Ullern~sen, HU = Husebykollen, RV = 
Ramvikholmen, V = Vestby, AU = Aurenh¢gda, DI --- Dignes, SO = S6nstebyflakene, SN = Snaukollen, E = Eiangen (BE = Bev6y). 



The position of the small mafic plutons in the 
evolutionary history of the Oslo rift, and their 
genetic relationship to the lavas and felsic batholiths, 
are still uncertain. It was first proposed that they 
belong to the earliest magmatic activity in the rift 
(Brdgger, 1933a). A more recent view is that  they 
formed during the stage of central volcanism and 
cauldron subsidence and may represent feeders to 
volcanoes (B3) (Dons, 1952; Oftedahl, 1952, 1953; 
Ramberg and Larsen, 1978). 

Prior to the present study, reliable compositional 
data on the mafic intrusive rocks were limited. Iso- 
topic analyses and systematic mineralogical investiga- 
tions had never been undertaken. 

We consider the mafic intrusions, although small in 
volume, to be important to the understanding of the 
tectonomagmatic evolution of the Oslo rift: They 
comprise the only mafic intrusive rocks in the rift; 
they are distinctively small compared to the other 
intrusive complexes; and their geographic distribution 
suggests a strong tectonic control. The present geo- 
chemical survey of these rocks was undertaken in 
order to (1) define their compositional characteristics 
and possible regional variations, (2) test their genetic 
relationship to the various mafic lava groups, and (3) 
throw some light on their petrogenetic history. 

Supplementing the present survey study a detailed 
geological, petrological and geochemical investigation 
was conducted on the well exposed Husebykollen and 
Ramvikholmen bodies (described in a thesis by Stein- 
lein, 1981). This will be published separately. 

Geology 

The small mafic plutons are distributed along two 
lines, one N-S, the other NNE-SSW, parallel to the 
two major fault trends in the Oslo rift (Br~bgger, 
1933b) (Fig. 1). Most of the bodies intrude the lower 
Palaeozoic sediments and Precambrian basement 
exposed along the rift margins. The Snaukollen (SN) 
body dissects basalts of the central volcano stage (Ba), 
whereas two adjacent basic bodies occur as huge 
xenoliths in the syenite porphyry ring.dyke of a 
cauldron (Oftedahl, 1952) (Fig. 1). Also other small 
bodies of gabbroic rocks appear to be megaxenoliths 
in the felsic intrusions (Ramberg, 1976; Larsen et al., 
1978; E. Rasmussen, personal communication, 1981). 

The intrusions are 0.3 to about 3 km in diameter. 
The largest one is the SCnstebyflakene (SO), the 
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smallest one the BevCy (BE) body (Fig. 1). The 
bodies are roughly circular, except for the Viks- 
bergene (VI) intrusion which may be a composite of 
two or three intrusions. The vertical extent of the 
plutons below the present erosion surface seems to 
be small, gravity data suggest thicknesses of only 
0.5-1.5 kin, with each mafic body having a thickness 
smaller than, or similar to its average diameter (Ram- 
berg, 1976). 

The plutons are composed of a range of rock types 
which have been presented in the literature under a 
variety of exotic names. According to Streckeisen's 
(1976) classification system the main rock types are 
fine- to coarse-grained gabbro, diorite, monzodiorite, 
monzogabbro, monzonite, pyroxenite, olivine-pyrox- 
enite and anorthosite. Some rocks contain amphibole 
instead of pyroxene. Cumulate textures are common. 
In many intrusions the rock units are concentrically 
arranged (Fig. 1), the most felsic rocks are found 
both in the center (e.g., Ullernflsen (U)) and along the 
rim (e.g., Husebykollen (HU), Vestby (V)) (Bnbgger, 
1931; Dons, 1952; Ramberg, 1970; Steinlein, 1981). 
Rhythmic layering can be seen in most of the bodies. 
The layers dip steeply and are a few centimeters to 
several meters thick (Larsen et al., 1978). Erosion 
channels, angular unconformities between layers 
and rock units, and slumps, suggest the erosional 
effect of convection currents in unconsolidated 
cumulates. Cumulate textures and structures are best 
exposed at Ramvikholmen (RV), and are described 
and discussed in detail by Steinlein (1981). 

McCulloh (1952) has estimated that the present 
erosion surface in the Oslo Region is about 3 km 
lower than in Permian time. Thus, if Ramberg's 
(1976) estimate that the gabbro intrusions extend 
only to depths between 0.3 and 1.5 km below the 
present level of erosion is valid, the bodies have 
crystallized at low pressures, probably as floored sub- 
volcanic magma chambers. 

Petrography 

Representative samples of the different rock types 
in the mafic intrusions have been selected for analyses. 
These rocks are described below. 

The Brandbukampen (BR) rocks BR-1 and BR-2D 
consist primarily of subhedral, zoned clinopyroxene 
(diameter <10 mm) in patchy intergrowth with 
kaersutite. Interstitial phases are Ti-rich amphibole, 
Fe-Ti oxides, calcite, apatite and sphene. BR-2A has 
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phenocrysts of olivine (diameter <3 mm) and strong- 
ly zoned clinopyroxene (diameter ~<6 mm) with some 
grains displaying hourglass-zoning. Olivine and oxides 
occur as inclusions in clinopyroxene phenocrysts. 
The groundmass is fine-grained plagioclase, olivine, 
clinopyroxene, apatite and Fe-Ti oxides. BR-2B is 
a somewhat altered hornblende-clinopyroxene gabbro 
rich in apatite and sphene, secondary biotite and 
amphibole. BR-KF consists of about 30% (modal) 
zoned plagioclase (mns4), 30% clinopyroxene, alkali 
feldspar, apatite, Fe-Ti oxides, and biotite (Finstad, 
1972). 

The Tingelstad (T) sample analyzed by Finstad 
(1972) consists of about 55% (modal) zoned plagio- 
clase (Ans4), 28% Ti-rich amphibole, alkali feldspar, 
apatite and Fe-Ti oxides. 

The S~lvsberget (S) sample S-1 is a medium- 
grained (diameter ~<2 mm) olivine gabbro consisting 
primarily of mildly zoned plagioclase plus unzoned 
olivine, zoned clinopyroxene, Fe-Ti oxides and apa- 
tite. Olivine, plagioclase and oxides are found as in- 
clusions in clinopyroxene. Sample S-KF consists of 
70% (modal) plagioclase (An44) and alkali feldspar, 
olivine, augite, biotite and Fe-Ti oxides (Finstad, 
1972). 

The Viksberget (VI) samples are feldspathic 
olivine gabbros consisting of up to 4 mm long grains 
of subhedral olivine, sub- to anhedral zoned plagio- 
clase, sub- to anhedral, poikilitic, zoned clinopyrox- 
ene, Fe-Ti oxides and apatite. Clinopyroxene has 
inclusions of all the other phases. Minor alteration of 
plagioclase to sericite and mafic silicates to biotite 
may be observed. VI-KF has minor amounts of calcite. 

Also the Ballangrudkollen (BA) rocks are feld- 
spathic gabbros. Phenocrysts of subhedral olivine 
(diameter <5 mm), zoned, subhedral clinopyroxene 
(~<5 mm), and scattered microphenocrysts of zoned 
plagioclase lie in a groundmass of plagioclase with 
some oxides, clinopyroxene, apatite and alkali feld- 
spar. Olivine, oxides and plagioclase are found as 
inclusions in clinopyroxene phenocrysts, particularly 
near the rim. Traces of orthopyroxene have been ob- 
served as reaction rims on olivine. Samples BA-1, 2, 
and 3 have minor amounts of secondary biotite, 
chlorite, chrysotile and sericite. BA-4 is strongly 
altered with complete breakdown of olivine to oxide 
+ chlorite, and partial replacement of clinopyroxene 
by amphibole, biotite and chlor re. 

The Ullern~sen-Huseby~sen (Baerum) (U) samples 
are described by Dons (1952). 

The analyzed Husebykollen (HU) samples HU-1 
to HU-4 are from the small body, samples HU-5 to 
HU-9 are from the main body. HU-1, 4, 5 and 8 are 
olivine-clinopyroxenites, exhibiting a framework of 
up to 10 mm long, euhedral, strongly zoned clino- 
pyroxenes and minor amounts of smaller olivine 
phenocrysts, with interstitial plagioclase, Fe-Ti 
oxides, apatite and calcite. Olivine and oxides occur 
as inclusions in clinopyroxene. HU-2, 7, and 9 have 
moderate amounts of clinopyroxene and olivine- 
phenocrysts in a similar groundmass. Samples HU-5, 
and 8 are fairly fresh, HU-1 to 4 and HU-7 and 9 
are strongly altered with secondary biotite, chlorite, 
sericite, Fe-Ti oxides and quartz. 

The Ramvikholmen (RV) intrusions comprises 
a variety of rock types which are described by Stein- 
lein (1981). 

The samples from the two small intrusions at 
Vestby (V) are described by Ramberg (1970). V-KF, 
V-IR2 and V-IR4 are made up by 90-95% (modal) 
zoned clinopyroxene, together with olivine and 
olivine pseudomorphs, Fe-Ti oxides, apatite and 
scattered grains of plagioclase, kaersutite and calcite. 
V-IR3 and V-IR5 consist of more than 50% (modal) 
strongly sericitized, euhedral plagioclase, some 
pseudomorphs after olivine, euhedrai alkali feldspar, 
somewhat altered clinopyroxene, hornblende, Fe-Ti 
oxides, apatite, rutile, sphene and secondary biotite, 
often associated with oxides, and chlorite. Neither 
quartz nor nepheline have been observed in these 
rocks. 

Also the Aurenhf}gda (AU) samples AU-1 and AU- 
2 are olivine-clinopyroxenites, with up to 20 mm long 
pyroxene phenocrysts. Interstitial phases are minor 
amounts of plagioclase + Fe-Ti oxides + apatite + 
calcite. AU-2 also has kaersutite both intergrown with 
clinopyroxene, and as an interstitial phase. Olivine is 
partly broken down to chlorite + oxides. AU-KF is 
monzodiorite: 70% modal plagioclase (An3s) and 
alkalifeldspar, about 25% clinopyroxene, Fe-Ti 
oxides, apatite and biotite (Finstad, 1972). AU-B1 
from the twin plug is a coarse-grained gabbro consist- 
ing mainly of zoned plagioclase crystals with inter- 
locking boundaries and subhedral poikilitic grains 
of clinopyroxene with interlocking boundaries and 
inclusions of plagioclase, oxides and apatite. The rock 
contains calcite and is relatively rich in apatite and 
oxide. Some secondary biotite, chlorite and sericite 
are found. 

The Dignes (DI) rocks have phenocrysts of sub- 



hedral, weakly zoned plagioclase (up to 5 mm long) 
and minor amounts of olivine (up to 2 mm in diam- 
eter) in a groundmass of clinopyroxene, apatite, Fe- 
Ti oxides and alkali feldspar. The analyzed samples 
contain minor amounts of secondary biotite and 
sericite. 

The S~nstebyflakene (SO) samples fall into two 
textural groups. S0-1, 2 and 3 are fine-grained mon- 
zodiorites with subhedral zoned plagioclase, remnants 
of clinopyroxene in subhedral grains of brownish 
to greenish hornblende which is partly altered to 
biotite and chlorite, considerable amounts of quartz, 
partly as rounded grains, partly in complex inter- 
growth with strongly sericitized feldspar, alkali 
feldspar, sphene, oxides, apatite and calcite. S0-4 is 
porphyritic with a framework of plagioclase pheno- 
crysts (up to 20 mm long) in a groundmass of clino- 
pyroxene, plagioclase, oxides and considerable 
amounts of quartz and apatite. The rock is consider- 
ably altered with secondary chlorite and sericite. 
S0-5 is similar to S04 ,  but only has traces of clino- 
pyroxene in subhedral grains of dark brown kaersutite 
partly altered to biotite and chlorite, and it contains 
calcite. Aggregates of chlorite and oxides appear to 
be pseudomorphs after olivine. 

In the Snaukollen (SN) rocks up to 20 mm long, 
subhedral, zoned plagioclase crystals form a frame- 
work with clinopyroxene, considerable amounts of 
Fe-Ti oxides, fine-grained quartz, apatite and alkali- 
feldspar in the interstices. SN-2 and SN-5 also have 
phenocrysts of (or pseudomorphs after) olivine, and 
no quartz. With the exception of sample SN-2 these 
rocks are somewhat altered, with secondary growth 
of biotite, chlorite and sericite. 

The Eiangen (E) samples E-I, 2 and 3 are feld- 
spathic gabbros consisting of subhedral olivine (or 
olivine pseudomorphs) and plagioclase, subhedral 
to anhedral clinopyroxene and orthopyroxene, alkali 
feldspar, very minor amounts of apatite and Fe-Ti 
oxides, and some secondary biotite and chlorite. 
Olivine is frequently enclosed by pyroxene. E-I and 
E-3 are rich in olivine. The two analyzed samples 
from the twin-pluton at Ravalsj~en (E-4 and E-5) 
consist mainly of strongly zoned clinopyroxene, up 
to 6 mm long, intergrown with kaersutite, and with 
exsolved Fe-Ti oxides along structural planes. The 
groundmass is subhedral fresh clinopyroxene and 
brown amphibole, anhedral strongly sericitized plagio- 
clase, oxides, sphene, biotite, chlorite and calcite. 

The described textures suggest that some of the 
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rocks of this study are cumulates (as defined by Ir- 
vine, 1982), whereas others may have compositions 
close to those of the melts from which they formed. 
Both phenocrysts and cumulus crystals represent 
early-formed phases in a magma, and thus provide 
an important basis for defining patterns of mineral 
fractionation. The different phenocryst/cumulus 
crystal assemblages found among the Oslo rift mafic 
intrusive rocks appear to reflect genetically significant 
differences in the crystallization order of the major 
silicates (abbreviations as above): 

(a) ol, cpx (S, BA, U, HU, RV, V, AU) 
(b) ol, cpx + amph (BR, U, E) 
(c) ol, cpx +plag (VI) 
(d) ol + plag (S, U, RV, AU, DI, SN, E) 
(e) plag, ol (RV) 
(f) amph (BR, T, U, HU, RV, SO) 

Fe-Ti oxides have crystallized early in each case. 
The above list of crystallization orders is based on 

the extensive thin-section study made during the 
present investigation, plus descriptions given by 
Br6gger (1931), Dons (1952), Ramberg (1970) and 
Steinlein (1981). 

Early crystallization of kaersutitic amphibole 
(crystallization order b and f) is mainly restricted to 
calcite-bearing rocks (BR, HU, V, AU, SO). 

Mineral compositions 

Olivine, pyroxene, amphibole and plagioclase in 
selected rocks were analyzed on an ARL-EMX elec- 
tron microprobe equipped with a LINK energy- 
dispersive detector system. 

Olivine 

The analyzed olivines range in composition from 
Fo79 to Fo38. Individual crystals frequently are slight- 
ly zoned. In a number of these rocks olivine is partly 
or totally broken down to alteration products. In 
spite of the textural indications that olivine has 
crystallized before, or simultaneously with, clino- 
pyroxene in these rocks, olivine is frequently con- 
siderably less magnesian than coexisting clinopyrox- 
ene. Experimental data on ol-liquid and cpx-liquid 
equilibria, suggest the following exchange reaction 
(Navrotsky, 1978): 
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T A B L E  2 

Represen ta t ive  analyses  o f  a m p h i b o l e s ,  w i th  s t ruc tu ra l  f o rmu lae  ca l cu la t ed  on the a s s u m p t i o n  tha t  (S i+Al+Ti+Mg+Fe+V2Mn)  = 
1 3 . 0 0 0  ca t ions  

BR-1 BR-2B BR-2D 

I N T  PH I N T  

mean  C R C . . . . . . .  R 

BA-4C S(~-I 

I N T  RPX RPX 

C R C R 

SiO 2 
T iO 2 
AI2Oa 

Cr203 

FeO T 
MnO 

MgO 

CaO 
N a 2 0  

K20  

Tota l  

Si 
Ai TM 
Al VI 

Ti 

Cr 
Mg 

Fe T 
Mn 

Ca 
Na 
K 

A-site 

3 8 . 9 2  3 8 . 8 5  3 9 . 9 0  38 .41  4 9 . 5 3  5 2 . 0 4  4 1 . 4 0  4 1 . 3 5  4 6 . 6 1  51 .14  4 5 . 9 4  5 1 . 3 5  

5 .45 5 .95 4 . 6 5  5 .89  0 . 5 0  0 . 1 5  5.01 4 . 4 3  0 .12  0 . 3 2  2 .42  0 .81 
13 .42  1 4 . 1 4  11.71 1 3 . 7 8  8 .94  4 . 5 2  11 .02  11 .65  5 .89  3 .44  7 .93  3 . 7 7  

0 . 0 0  0 . 2 0  0 .02  0 . 0 0  0 . 0 0  0 . 0 9  0 . 0 5  0.11 0 . 0 0  0 . 0 0  0 . 0 0  

11 .49  10 .43  1 4 . 2 7  10 .67  6 . 7 7  7 .94  12 .32  13 .49  2 5 . 0 9  16.51 12 .13  1 0 . 9 0  

0 .25  0 . 0 0  0 . 3 4  0 . 1 7  0 .11 0 . 1 2  0 . 3 4  0 . 2 2  0 . 1 7  0 . 2 5  0 . 3 9  0 . 4 2  

11 .67  12 .87  1 1 . 0 8  12 .93  18 .64  1 9 . 0 9  1 2 . 5 7  1 2 . 8 0  7 .33  12 .85  1 4 . 8 0  1 7 . 2 0  
11 .76  1 2 . 5 0  11 .74  12 .32  13.21 13 .24  1 1 . 5 3  11.71 12 .19  12 .36  1 1 . 0 3  1 1 . 5 4  

2 .55  2 . 5 0  2 . 6 8  2 .35  0 .71 0 . 3 5  2 . 2 6  2 .46  0 . 5 7  0 . 6 0  2 . 0 0  1 .03 

1 .37 1 .35 1 .89 1 .42 0 .25  0 . 4 3  1 .19 1 .12 0 .81 0 . 2 8  0 . 7 2  0 . 4 2  

9 6 . 8 8  9 8 . 5 9  9 8 . 4 6  9 7 . 9 6  9 8 . 6 6  9 7 . 8 8  9 7 . 7 3  9 9 . 2 8  9 8 . 8 9  9 7 . 7 5  9 7 . 3 6  9 7 . 4 4  

5 . 8 8 7  5 .746  6 . 0 3 5  5 . 7 1 6  6 . 8 5 0  7 . 3 0 0  6 . 1 5 7  6 . 0 4 8  7 . 0 7 0  7 . 5 1 2  6 . 7 6 2  7 . 3 0 9  
2 . 1 1 3  2 . 2 5 4  1 .965  2 . 2 8 4  1 . 1 5 0  0 . 7 0 0  1 .843  1 . 9 5 2  0 . 9 3 0  0 . 4 8 8  1 . 2 3 8  0 . 6 3 2  

0 . 2 8 0  0 .211  0 . 1 3 2  0 . 1 3 4  0 . 3 0 7  0 . 0 4 7  0 . 0 8 7  0 . 0 5 5  0 . 1 2 2  0 . 1 0 8  0 . 1 1 9  0 . 0 0 0  
0 . 6 2 0  0 . 6 6 2  0 . 5 2 9  0 . 6 5 9  0 . 0 5 2  0 . 0 1 6  0 . 5 6 1  0 . 4 8 6  0 . 0 1 4  0 . 0 3 5  0 . 2 6 5  0 . 0 8 7  

0 . 0 0 0  0 . 0 2 4  0 . 0 0 2  0 . 0 0 0  0 . 0 0 0  0 .011  0 . 0 0 5  0 . 0 1 3  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  
2 .631  2 . 8 3 7  2 . 4 9 7  2 . 8 6 9  3 . 8 4 2  3 . 9 9 3  2 . 7 8 6  2 . 7 8 7  1 .657  2 . 8 1 4  3 . 2 0 4  3 . 6 4 9  

1 .453  1 . 2 9 0  1 .805  1 . 3 2 8  0 . 7 8 3  0 . 9 3 2  1 .532  1 . 6 5 3  3 . 1 8 3  2 . 0 2 8  1 . 4 7 4  1 . 2 9 8  
0 . 0 3 2  0 . 0 0 0  0 . 0 4 3  0 . 0 2 1  0 . 0 1 3  0 . 0 1 4  0 . 0 4 3  0 . 0 2 7  0 . 0 2 2  0 . 0 3 1  0 . 0 4 8  0 . 0 5 0  

1 .906  1.981 1 .902  1 .966  1 .957  1 .990  1 .837  1 .834  1 .981 1 . 9 4 5  1 . 7 1 6  1 . 7 6 0  
0 . 7 4 8  0 . 7 1 7  0 . 7 8 6  0 . 6 7 8  0 . 1 9 0  0 . 0 9 5  0 . 6 5 2  0 . 6 9 7  0 . 1 6 7  0 . 1 7 0  0 . 5 6 4  0 . 2 8 4  

0 . 2 6 4  0 . 2 5 5  0 . 3 6 5  0 . 2 6 9  0 . 0 4 4  0 . 0 7 7  0 . 2 2 6  0 . 2 0 9  0 . 1 5 6  0 . 0 5 3  0 . 1 3 3  0 . 0 7 6  

0 . 9 3 4  0 . 9 5 3  1 .075  0 . 9 2 3  0 . 1 9 7  0 . 1 6 9  0 . 7 3 6  0 . 7 5 3  0 . 3 1 5  0 . 1 8 4  0 . 4 3 7  0 . 1 4 5  

S 0 - 2  S 0 - 3  S 0 - 4  S 0 - 5  S 0 - 6  AU-2  ER-4  ER-5  

G R I  GR2 PH PH GR I N T  I N T  PH GR 
mean  mean  mean  RPX 

SiO 2 

TiO 2 
AlzO 3 

Cr20  s 

FeO T 
MnO 

MgO 

CaO 
Na20 
K20 

Tota l  

Si 
AIIV 
AI TM 

Ti 
Cr 
Mg 

Fe T 
Mn 

Ca 
Na 
K 

A-site 

4 5 . 9 6  4 5 . 3 1  4 4 . 7 1  5 1 . 0 7  4 2 . 0 6  3 7 . 2 5  3 7 . 9 4  4 0 . 5 9  4 1 . 9 1  3 7 . 3 1  4 2 . 3 6  
2 . 5 8  2 . 5 7  0 . 3 4  0 . 2 8  4 . 8 5  4 . 9 9  4 .91  5 .58  4 . 9 6  6 .51 4 . 1 2  

7 .92  8 .63  4 . 5 9  0 .91 11 .24  15 .92  1 5 . 2 8  1 1 . 7 4  1 0 . 8 2  14 .15  10 .93  

0 . 0 0  0 . 0 0  0 . 0 4  0 , 0 5  0 . 0 3  0 . 0 4  0 . 0 5  0 . 1 9  0 . 0 3  0 . 0 2  0 . 0 4  
12 .42  12 .06  2 8 . 8 8  2 3 . 1 9  1 1 . 0 0  13 .84  12 .56  1 0 . 7 0  10 .92  11 .21  1 0 . 5 8  

0 . 3 7  0 .42  1 .56 1 .13 0 .31  0 . 3 6  0 . 3 4  0 . 1 3  0 . 2 8  0 . 0 8  0 . 2 3  

1 4 . 7 8  1 5 . 0 9  6 . 9 0  8 .84  14 .19  11 .43  1 2 . 5 7  1 3 . 4 5  1 3 . 2 8  1 6 . 3 9  13 .59  
11 .05  11.11 9.11 1 0 . 9 0  1 1 . 1 6  1 1 . 5 8  11 .55  1 1 . 9 4  11 .44  1 1 . 3 0  11.51 

1.91 2 .13  1 .17 0 . 3 0  2 .94  2 . 4 3  2.51 2 . 7 4  2 . 8 7  3 .21 3 .15  

0 . 7 0  0 .72  0 . 9 5  0 . 3 2  0 . 6 7  1 .39 1 .34 0 . 9 7  1.11 0 . 9 9  1 .04  

9 7 . 6 9  9 8 . 0 4  9 8 . 2 5  9 6 . 9 9  9 8 . 4 5  9 9 . 2 4  9 9 . 0 5  9 8 . 0 3  9 7 . 6 2  1 0 1 . 1 7  9 7 . 5 5  

6 . 6 5 4  6 . 5 3 4  6 . 7 9 9  7 .771  6 . 1 1 2  5 . 4 7 0  5 . 5 3 8  6 . 0 0 8  6 . 2 3 0  5 . 2 2 9  6 . 2 9 0  
1 .343  1 .467  0 . 8 2 3  0 . 1 6 4  1 . 8 8 8  2 . 5 3 0  2 . 4 6 2  1 .992  1 . 7 7 0  2 . 3 3 8  1 . 7 1 0  

0 . 0 0 7  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0 . 0 3 7  0 . 2 2 5  0 . 1 6 6  0 . 0 5 2  0 . 1 2 6  0 . 0 0 0  0 . 2 0 2  

0 . 2 8 1  0 . 2 7 8  0 . 0 3 8  0 . 0 3 2  0 . 5 3 0  0 .551  0 . 5 3 8  0 . 6 2 1  0 . 5 5 4  0 . 6 8 6  0 . 4 6 0  
0 . 0 0 0  0 . 0 0 0  0 . 0 0 5  0 . 0 0 6  0 . 0 0 3  0 . 0 0 5  0 . 0 0 6  0 . 0 2 2  0 . 0 0 4  0 . 0 0 2  0 . 0 0 4  

3 . 1 8 9  3 . 2 4 4  1 . 5 6 4  2 . 0 0 5  3 . 0 7 3  2 . 5 0 2  2 . 7 3 5  2 . 9 6 7  2 . 9 4 2  3 . 4 2 4  3 . 0 0 6  

1 . 5 0 4  1 . 4 5 5  3 . 6 7 3  2 .951 1 .337  1 . 6 9 9  1 . 5 3 3  1 .325  1 . 3 5 7  1 . 3 1 4  1 .314  
0 . 0 4 5  0 .051  0 . 2 0 1  0 . 1 4 6  0 . 0 3 8  0 . 0 4 4  0 .041  0 . 0 1 6  0 . 0 3 5  0 . 0 1 0  0 . 0 2 9  
1 . 7 1 4  1 . 7 1 7  1 . 4 8 4  1 . 7 7 8  1 . 7 3 8  1 .822  1 . 8 0 7  1 .893  1 .822  1 . 6 9 7  1 . 8 3 0  
0 . 5 3 4  0 . 5 9 5  0 . 3 4 5  0 . 0 8 8  0 . 8 2 8  0 . 6 9 2  0 . 7 1 2  0 . 7 8 7  0 . 8 2 7  0 . 8 7 2  0 . 9 0 7  
0 . 1 2 9  0 . 1 3 3  0 . 1 8 5  0 . 0 6 2  0 . 1 2 4  0 .261  0 . 2 5 0  0 . 1 8 3  0 .211  0 . 1 7 7  0 . 1 9 7  

0 . 3 7 7  0 . 4 7 0  0 . 0 1 4  0 .001  0 . 7 0 9  0 . 7 9 7  0 . 7 9 0  0 .871  0 . 8 7 8  0 .751  0 . 9 4 8  

A b b r e v a t i o n s :  I N T  = i n t e r g r o w n  wi th  c l i n o p y r o x e n e ,  PH = p h e n o c r y s t ,  GR = in te r s t i t i a l ,  RPX = r im on c l i n o p y r o x e n e ,  C = core ,  
R = r im.  
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R In K °l'cpx = 

Mg'Fe2÷ T + 0.23 

where K °l'cpx = (xMg/xFe)ol/(XMg/xFe2÷)cpx and Mg-Fe 2+ 
R is the gas constant. 

In the temperature interval 1300-1 I00°C/£~}¢px ÷ 
"-0.80-0.75 according to the above equation~V~gr~KD 
values for the rocks of this study range from 0.85 to 
0.20. Olivine compositions thus appear in many 
rocks to have been modified during cooling or as a 
result of alteration processes. 

Pyroxenes 

Representative pyroxene compositions are present- 
ed in Table 1. In clinopyroxene Mg-values (Mg/(Mg+ 
Fe2÷)) range from 0.89 to 0.50. The highest ones are 
found in the clinopyroxenites from the Brandbukam- 
pen (BR), Ramvikholmen (RV) and Ravalsj6en (the 
small body northeast of Eiangen) (E) intrusions. The 
most magnesian clinopyroxenes also have the highest 
concentrations of Cr203, up to 0.74 wt. %. In the 
more iron-rich ones, Cr203 is negligible. Clinopyrox- 
ene is frequently zoned: Mg-value and Cr203 de- 
crease from core to rim, MnO and Na20 tend to in- 
crease. A1203 and TiO2 are found both to increase 
(e.g. BR-2D) and decrease (e.g. BA-2) from core to 
rim. In the pyroxenites hour-glass and oscillatory 
zoning are common. 

Ferric iron is calculated on the assumption that 4 
cations are charge-balanced by 6 oxygens in the unit 
cell. Estimated Fe 3÷ contents vary considerably. Most 
samples have Fe3+/Z Fe ratios of roughly 0.05, where- 
as ratios approaching and above 0.5 are found in 
some of the Brandbukampen (BR), Viksberget (VI), 
Dignes (DI) and Eiangen/Ravalsj~ben (E) rocks (Table 
1). It has recently been found that VIFe3+-IVA1 is 
one of the most important substitutional couples in 
terrestrial augites (Papike and White, 1979; Cameron 
and Papike, 1981 ; Basaltic Volcanism Study Project, 
198l) and that the solubility of the CaFe3+A1SiO6 
molecule in clinopyroxene is strongly favoured by 
high oxygen fugacity (Onuma, 1983). Fe3+/EFe 
ratios similar to the highest ones estimated for pyrox- 
enes in the Oslo rift gabbroic rocks are rarely report- 
ed, but have been observed among basaltic rocks in 
the Hocheifel area, West Germany, Hawaii and island 
arcs (Huckenholz, 1973; Basaltic Volcanism Study 
Project, 1981, Appendix A-12). The host rocks of 

43 

these pyroxenes thus appear to have crystallized 
under more oxidizing conditions than have most 
basaltic rocks. 

With the exception of sample BA-2, where only a 
trace of orthopyroxene as reaction rim on olivine was 
found, orthopyroxene coexists with clinopyroxene 
relatively poor in A1203 (<4.0 wt. %). 

Amphibole 

The compositions of representative amphiboles are 
listed in Table 2. Dark brown amphibole occurring in 
rocks from the Brandbukampen (BR), S~nsteby- 
flakene ($0-5 and S0-6), Ballangrudkollen (BA) and 
Ravalsj~en (E) bodies is kaersutite with 4.0-7.3 
wt. % TiO~ and 10.4-16.0 wt. % A1203. Other rocks 
from S~nstebyflakene (SQ-1, 2, 3 and 4) contain 
common green hornblende with moderate contents 
of TiO2 and Al203. 

The stability relations of kaersutite in basaltic 
systems have been extensively studied by Helz (1973) 
at PH~O = 5 kbar. Although the Oslo Region gabbros 
are believed to have crystallized at considerably lower 
pressures, her findings appear pertinent to the origin 
of the kaersutite described here. Helz found a positive 
correlation between Ti (as Ti-tschermakite), AlIV and 
temperature, and a marked decrease in the solubility 
of Ti with increasing oxygen fugacity. Kaersutite does 
not appear to be stable under conditions more oxidiz- 
ing than those defined by the NNO-buffer or at tem- 
peratures below 950°C. The Mg/(Mg+Fe) ratio of 
hornblende is strongly dependent on that of the start- 
ing material, but also increases markedly with increas- 
ing oxygen fugacity. 

The combination of Fe3*-poor clinopyroxene and 
kaersutite found in some rocks suggests crystalliza- 
tion under relatively reducing conditions, such as 
those defined by the QFM buffer. 

At Brandbukampen (BR) and Ravalsj~en (E-4, 5) 
kaersutite coexists with Fe3÷-rich clinopyroxene. This 
combination suggests crystallization in the more 
oxidizing part of the stability field of kaersutite, that 
is close to the NNO buffer. The observed decrease in 
TiO2 and A1203 concentrations, and marked increase 
in Mg/(Mg+Fe) ratios from core to rim observed in 
BR-2D and BA4, is compatible with a relative in- 
crease in oxygen fugacity during the final stages of 
crystallization. The presence of normal hornblende 
in the rocks S0-1, 2, 3 and 4, suggests crystallization 
under more oxidizing conditions than those defined 
by the NNO buffer. 
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T A B L E  3 

Major  e l e m e n t  a n a l y s e s  a n d  C I P W - n o r m s  in w e i g h t  p e r c e n t .  A n a l y s e s  m a r k e d  I R  f r o m  R a m b e r g  ( 1 9 7 0 ) ,  a n d  K F  f r o m  F i n s t a d  ( 1 9 7 2 )  

S iO 2 T i O  2 AI203  FeaO 3 F e o  M n O  M g O  C a O  N a 2 0  K 2 0  P2Os H 2 0  S u m  Q Qr Ab  

B R - I *  3 8 . 0 4  4 , 1 7  8 . 0 9  9 . 4 7  9 . 6 2  0 . 1 9  1 1 . 8 0  1 6 . 1 2  0 . 9 0  0 . 3 7  0 . 1 1  - 9 8 . 8 8  - - - 

B R - 2 A *  4 2 . 4 5  3 , 7 5  1 2 . 3 7  6 . 0 9  9 . 2 6  0 . 1 9  9 . 0 0  1 3 , 9 3  1 . 6 8  0 . 9 7  0 . 2 1  9 9 . 9 0  - 5 . 7 3  5 . 3 2  

B R - 2 B  3 9 . 0 5  3 . 9 6  1 4 . 2 6  6 . 4 8  7 . 4 7  0 . 1 5  9 . 4 3  1 2 . 8 9  2 .41  1 .55  1 .46  - 9 9 . 1 1  - 9 . 1 6  1 ,69  

B R - 2 D *  3 7 . 9 4  4 . 5 5  7 . 8 5  9 .81  9 . 2 7  0 . 1 6  10 .61  1 7 , 7 9  0 . 6 2  0 . 1 9  0 . 0 6  - 9 8 . 8 5  - - 

B R - K F  4 9 . 8 2  2 . 4 7  1 5 . 1 6  4 . 0 2  7 . 0 0  0 . 1 4  6 . 2 5  8 . 3 8  2 . 3 0  2 . 2 5  0 . 4 3  1.11 9 9 . 3 6  2 . 2 7  1 3 . 3 0  1 9 . 4 6  

T - K F  4 8 . 6 1  2 ,31  1 4 . 7 8  3 . 8 6  6 .21  0 . 2 3  6 . 9 4  7 , 8 9  4 . 2 3  2 . 6 4  0 . 6 1  1 .62  9 9 . 9 5  - 1 5 . 6 0  2 4 . 3 4  

S-I 4 6 . 1 9  2 . 9 0  1 4 . 8 8  6 . 0 0  8 . 8 0  0 . 2 2  6 . 6 8  1 0 , 5 5  2 . 6 4  1 .06  0 . 3 7  - 1 0 0 . 2 9  - 6 . 2 6  2 2 . 3 4  

S - K F  4 7 . 9 6  2 , 6 3  1 5 . 3 0  4 . 4 7  7 . 7 3  0 . 2 0  6 . 4 3  8 , 3 3  3 . 1 3  2 . 0 2  0 . 6 2  0 . 7 7  9 9 . 6 1  1 1 . 9 4  2 6 . 4 8  

VI-I  4 9 . 2 2  2 . 4 8  1 7 . 3 9  4 . 2 6  7 .61  0 . 1 8  4 . 6 4  8 , 5 8  3 . 5 5  2 .01  0 . 4 0  - 1 0 0 . 3 2  - 1 1 . 8 8  3 0 . 0 4  

VI-2  4 7 . 0 5  1 . 8 7  1 8 . 8 4  3 . 3 7  7 . 1 0  0 . 1 5  5 ,51 1 0 , 3 9  2 . 7 8  1 .24  0 . 2 9  - 9 8 . 5 9  7 . 3 3  2 3 . 5 2  

VI-3 4 6 . 1 5  2 .81  15 .61  4 . 5 3  1 0 . 2 0  0 . 2 0  6 . 2 6  8 , 8 4  3 . 0 0  1 . 6 2  0 . 3 6  - 9 9 . 5 8  - 9 . 5 7  2 3 . 9 0  

V I - K F  4 5 . 5 1  3 . 1 2  1 7 . 0 5  4 . 0 5  7 . 0 5  0 . 3 2  6 . 3 0  1 0 , 1 9  2 . 8 7  1 .05  1 .04  1 .42  9 9 . 9 8  - 6 . 2 0  2 4 . 2 8  

BA-1 4 3 . 7 0  3 . 1 2  1 2 . 4 9  7 . 0 7  1 0 . 2 7  0 . 2 1  9 .21  9 , 3 6  2 . 3 6  1 .34  0 .31  - 9 9 . 4 4  - 7 . 9 2  19 .11  

BA-2  4 7 . 2 1  2 . 3 3  1 2 . 1 3  4 . 1 3  9 . 6 2  0 . 1 9  1 0 . 0 7  1 0 , 0 8  2 . 4 4  1 .32  0 .31  9 9 . 8 3  7 . 8 0  2 0 . 6 5  

BA-3  4 7 . 3 6  2 . 4 8  12 .31  4 . 3 3  9 . 7 8  0 .21  9 .51  1 0 , 4 1  2 . 4 5  1 .09  0 . 2 7  - 1 0 0 . 2 0  - 6 . 4 4  2 0 . 7 3  

BA-4  4 4 . 1 6  3 . 1 3  1 6 . 2 7  6 . 9 5  8 . 2 0  0 . 1 9  4 . 8 7  1 1 , 1 6  2 . 5 7  1 .06  0 . 3 0  9 8 . 8 8  - 6 . 2 6  18 .91  

B A - K F  4 4 . 9 7  2 . 7 3  1 1 . 7 3  4 . 0 0  8 . 3 9  0 . 2 2  1 0 . 3 3  1 0 , 0 9  2 . 4 4  1 .32  0 . 4 5  2 . 0 6  9 8 . 7 8  - 7 . 8 0  1 8 . 6 6  
H U - I *  4 5 . 6 4  2 . 3 0  6 . 3 0  5 . 3 6  9 . 5 0  0 . 2 0  1 2 . 9 0  14 .01  1 . 4 0  0 . 7 4  0 . 1 9  - 9 8 . 5 4  4 . 3 7  1 1 . 4 3  

H U - 2  4 5 . 0 7  5 .11 1 1 . 8 8  4 . 8 8  9 . 5 5  0 . 3 4  6 . 1 2  1 1 , 3 0  2 . 5 0  1 . 8 4  0 . 6 9  - 9 9 . 2 8  1 0 . 8 7  1 9 . 4 6  

H U 4 *  4 0 . 1 5  5 . 2 4  4 . 8 0  8 .41  1 2 . 6 0  0 . 2 4  1 0 . 8 6  1 6 . 2 7  0 . 7 0  0 . 3 7  0 . 0 7  - 9 9 . 5 3  - 2 . 1 9  1 . 4 0  

H U - 5 *  4 9 . 4 7  2 . 6 6  7 . 1 7  8 . 9 5  4 . 6 0  0 . 2 2  1 0 . 4 4  1 4 . 4 7  1 .57  0 . 8 7  0 . 2 4  - 1 0 0 . 6 6  3 . 1 2  5 .14  1 3 . 2 8  

H U - 7  4 3 . 5 3  4 . 0 0  8 . 9 8  7 . 0 7  1 2 . 3 6  0 .21  8 . 9 2  1 0 , 8 7  2 .01 0 . 9 4  0 . 0 0  - 9 8 . 9 0  - 5 . 4 8  17 .01  

H U - 8 *  4 5 . 4 2  3 . 4 5  7 . 2 0  5 .69  1 0 . 5 0  0 . 2 0  1 0 . 5 3  1 4 . 6 4  1.31 0 .61  0 . 1 6  - 9 9 . 7 1  3 . 6 0  1 1 . 0 8  

H U - 9  4 5 . 9 5  3 . 5 7  9 . 7 6  5 .13  1 0 . 0 5  0 . 2 0  9 . 1 3  1 2 , 7 6  1 .93  0 . 8 0  0 .21  - 9 9 . 4 9  - 4 . 7 3  1 6 . 3 3  

H U - K F  5 0 . 9 4  2 . 6 7  1 3 . 8 6  6 . 6 3  4 . 9 5  0 . 1 6  5 .82  7 , 2 7  3 . 1 5  2 . 2 4  0 . 4 7  1.61 9 9 . 7 9  3 . 4 3  1 3 . 2 4  2 6 . 6 5  

V - K F I *  4 8 . 8 6  1 .15  2 .81  4 . 1 4  7 . 2 5  0 . 2 0  1 7 . 4 5  1 5 , 9 3  0 . 4 5  0 . 0 4  0 . 0 6  1 .12  9 9 . 6 6  0 . 2 4  3 .81  

V - I R 2 *  4 6 . 1 7  2 . 3 3  4 . 0 9  5 . 7 8  8 . 7 2  0 . 2 0  1 4 . 5 9  1 7 . 2 5  0 . 5 0  0 . 0 2  - 9 9 . 7 0  - 0 . 1 2  4 . 2 3  

V - I R 3  4 7 . 2 0  3 . 7 9  1 3 . 8 8  2 . 2 9  1 3 . 1 3  0 . 2 9  6 . 5 6  8 , 5 4  2 . 5 5  0 . 6 6  - - 9 8 . 8 9  - 3 . 9 0  2 1 , 5 8  

V - I R 4 *  3 7 . 8 6  5 .31 4 . 4 0  1 2 . 0 0  1 2 . 0 5  0 . 4 0  1 1 . 3 3  1 5 . 1 3  0 . 4 7  0 . 1 0  - - 9 9 . 0 5  - - 

V- IR5  4 9 . 9 4  3 . 0 3  16 .01  4 . 3 1  7 . 9 7  0 . 3 9  3 . 5 6  5 , 4 8  4 . 2 6  3 . 4 5  - - 9 8 . 4 0  - 2 0 . 3 9  3 0 , 3 7  

A U - I *  4 5 . 3 0  1 .00  3 . 7 4  4 . 6 9  7 . 5 4  0 . 1 7  2 1 . 5 3  1 3 . 7 9  0 . 3 9  0 . 1 3  0 . 0 4  -- 9 8 . 3 2  - 0 . 7 7  3 , 3 0  

A U - 2 *  4 5 . 8 5  1 .14  4 . 1 5  4 , 0 2  7 . 3 3  0 . 1 5  1 9 . 5 0  1 4 . 9 7  0 . 4 4  0 . 1 4  0 . 0 4  - 9 7 . 7 3  - 0 . 8 3  3 . 7 2  

A U - K F  4 5 . 6 5  2 .41  1 0 . 9 3  3 . 8 0  1 0 . 0 3  0 . 2 1  1 0 . 1 3  9 , 8 6  2 . 3 4  1 . 1 0  0 . 4 3  2 . 4 2  9 9 . 3 5  - 
A U - B I  4 7 . 3 0  2 . 2 7  1 5 . 9 4  5 . 7 0  6 . 3 9  0 . 2 5  3 . 9 4  7 , 1 2  4 . 8 5  5 . 5 2  1 .32  - 

DI-1 4 9 . 3 6  2 . 6 6  18 .61  3 . 7 3  7 . 1 8  0 . 1 7  4 . 2 2  6 . 9 3  4 . 8 5  1 .94  0 . 7 8  - 

DI-2 4 9 . 3 6  2 . 4 0  1 8 . 8 5  2 . 9 0  8 . 2 6  0 . 1 8  3 . 3 6  6 . 5 6  5 . 1 0  2 .21 1 .32  -- 

DI-3 4 8 . 6 0  2 . 7 2  1 7 . 9 6  3 . 0 5  9 . 1 2  0 . 2 0  3 . 7 3  6 , 2 9  4 . 9 4  2 . 2 0  1 . 2 9  - 

DI~:~A 5 0 . 7 7  2 . 5 8  1 8 . 8 9  2 . 9 5  7 . 0 0  0 . 1 8  3 . 6 4  7 . 1 8  4 . 8 5  1 . 9 9  0 . 8 3  - 

D I - 4 B  5 0 . 9 6  2 . 6 3  18 .61  3 . 1 9  7 . 0 4  0 . 1 8  3 . 4 3  7 . 0 8  4 . 8 5  2 . 0 4  0 . 8 6  - 

DI-7 4 9 , 8 0  2 . 9 5  18 .31  3 . 3 5  7 . 9 0  0 . 1 8  3 . 9 6  6 . 9 2  4 . 8 5  1 .99  0 . 8 4  - 

SO-I  5 2 . 5 3  2 . 4 2  1 5 . 1 8  4 . 0 3  7 . 6 5  0 . 1 5  4 . 5 7  7 . 3 3  3 . 2 6  1 .56  0 . 4 9  - 

S ~ - 2  50 .11  2 . 5 5  1 4 . 7 2  5 . 6 2  7 . 4 7  0 . 1 6  5 .62  8 . 9 0  2 . 8 5  1 . 2 4  0 . 3 2  - 

S 0 - 3  5 3 . 6 0  2 . 6 3  1 4 . 5 3  5 .42  6 . 3 2  0 . 1 5  4 . 8 3  7 , 3 3  3 . 2 5  1.81 0 . 3 7  - 

S 0 - 4 "  4 3 . 9 5  1 .23  2 4 . 5 9  4 . 0 7  4 . 6 7  0 . 1 7  5 . 3 7  12 .21  1 .80  0 . 2 5  0 . 1 0  - 

S 0 - 5  4 8 . 9 1  2 . 1 2  1 7 . 3 7  3 . 9 2  5 . 6 8  0 . 1 2  4 . 5 1  8 . 5 0  4 . 8 0  1.01 1 .26  - 

SN- I  5 0 . 9 7  2 . 5 3  1 5 . 1 7  8 .71 5 .75  0 .21  3 .01  6 , 9 2  3 .81  1.81 1 . 2 3  - 

SN-2  5 5 . 1 4  1 . 7 0  1 6 . 0 3  4 . 8 7  6 . 8 9  0 . 1 9  2 . 5 9  5 . 7 8  3 . 9 6  3 . 1 4  0 . 8 0  - 

SN-5  4 9 . 4 9  3 .31  1 2 . 0 5  8 . 7 0  9 . 4 0  0 . 2 5  3 . 2 9  6 . 0 9  2 . 7 0  3 . 0 9  1 .35  - 

S N - 7  5 2 . 4 4  2 . 7 8  1 3 . 1 7  7 . 2 9  7 . 5 4  0 . 2 6  3 . 4 2  6 . 5 9  3 . 5 5  2 . 4 4  1 . 0 0  - 

E - I *  4 5 . 2 4  1 .16  1 2 . 1 5  3 . 5 2  1 0 . 6 0  0 . 2 0  1 7 . 2 9  6 . 9 7  1 .95  0 .61  0 . 1 8  

E-2 5 2 . 3 3  1 .36  1 6 . 6 8  3 .41  5 .90  0 . 2 0  7 .51 7 . 5 8  3 . 7 3  1 . 4 8  0 . 4 4  - 

E -3*  4 5 . 8 5  1 .05  1 3 . 0 3  2 . 5 5  10 .21  0 . 1 8  1 6 . 7 4  7 . 4 2  2 . 0 4  0 . 7 3  0 . 1 3  - 

E -4*  4 5 . 0 5  2 . 5 9  8 . 6 8  4 . 4 8  7 . 7 6  0 , 1 7  1 2 . 7 6  1 4 . 0 7  1 .72  1 .21 0 . 2 8  -- 

E -5*  4 4 . 5 3  2 .31  8 . 2 3  4 .51  7 . 5 4  0 . 1 8  1 4 . 4 6  1 3 , 1 9  L.48 1 . 6 2  0 . 2 5  - 

6 , 5 0  1 9 , 8 0  
9 8 . 6 0  - 1 4 . 8 9  2 8 , 7 6  

1 0 0 . 4 3  1 1 . 4 6  3 4 . 9 4  

1 0 0 . 5 0  1 3 . 6 5  34 .81  

1 0 0 . 1 1  - 1 3 . 0 0  3 4 . 7 6  

1 0 0 . 8 6  - 1 1 . 7 6  3 7 , 5 2  

1 0 0 . 8 7  - 1 2 . 0 6  3 8 , 6 7  

1 0 1 . 0 5  - 1 1 . 7 6  3 5 , 8 7  

9 9 . 1 7  5 . 6 5  9 . 2 2  2 7 , 5 8  

9 9 . 5 6  3 . 8 5  7 . 3 3  2 4 , 1 2  

1 0 0 . 2 4  7 . 5 9  1 0 . 7 0  2 7 , 5 0  

9 8 . 4 1  - 1 . 4 8  1 5 , 2 3  

9 8 . 2 0  -- 5 . 9 7  3 8 , 9 6  

1 0 0 . 1 2  6 . 0 8  1 0 . 7 0  3 2 , 2 4  

1 0 1 . 0 9  4 . 7 5  1 8 . 5 6  3 3 , 5 1  

9 9 . 7 2  7 .61  1 8 . 2 6  2 2 , 8 5  

1 0 0 . 4 8  7 . 2 5  1 4 . 4 2  3 0 , 0 4  

9 9 . 8 7  3 . 6 0  1 6 , 5 0  

1 0 0 . 6 2  8 . 7 5  3 1 , 5 6  

9 9 . 9 3  -- 4 . 3 1  1 7 , 2 6  

9 8 . 7 7  7 . 1 5  5 ,45  

9 8 . 3 0  - 9 . 5 7  2 , 0 0  

S a m p l e  a b b r e v i a t i o n s :  B R  = B r a n d b u k a m p e n ;  T = T i n g e l s t a d ; S  = S ~ l v s b e r g e t ;  VI = V i k s b e r g e t ;  BA = B a l l a n g r u d k o l l e n ;  H U  : H u s e b y k o l l e n ;  R V  : 
R a m v i k h o l m e n ;  V = V e s t b y ;  A U  = A u r e n h a u g e n ;  DI = D i g n e s ;  SO : S ~ n s t e b y f l a k e n e ;  SN = S n a u k o l l e n ;  E = E i a n g e n / R a v a l s j ~ e n .  
* = c u m u l a t e s .  
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A n  N e  L c  D i  H d  E n  F s  F o  F a  M I  I i  M t  A p  

B R - I *  1 6 . 9 4  4 . 4 3  1 . 7 1  2 2 . 5 8  8 . 5 3  - 

B R - 2 A *  2 3 . 3 5  4 . 8 2  - 2 7 . 0 1  8 . 6 4  - 

B R - 2 B  2 3 . 5 1  1 0 . 1 3  - 2 2 . 5 1  1 . 7 6  - 

B R - 2 D *  1 8 . 0 8  2 . 8 4  0 . 8 8  4 0 . 5 3  2 . 2 8  - 

B R - K F  2 4 . 4 0  - 

T - K F  1 3 . 5 4  6 . 2 0  - 

S - I  2 5 . 6 2  - - 

S - K F  2 1 . 7 3  - - 

V I - 1  2 5 . 5 8  - - 

V I - 2  3 5 . 2 7  - - 

V I - 3  2 4 . 3 4  0 . 8 0  - 

V I - K F  3 0 . 5 4  - - 

B A - I  1 9 . 5 3  0 . 4 7  - 

B A - 2  1 8 . 2 5  - - 

B A - 3  1 9 . 3 7  - - 

B A - 4  2 9 . 7 3  1 . 5 4  - 

B A - K F  1 7 . 1 6  1 . 0 8  

H U ° I  * 8 . 7 2  0 . 2 2  - 

H U - 2  1 5 . 7 6  0 . 9 2  - 

H U - 4 *  8 . 8 6  2 . 4 5  - 

H U - 5 *  9 . 9 5  - - 

H U - 7  1 4 . 7 4  - - 

H U - 8 *  1 1 . 9 6  - - 

H U - 9  1 5 . 6 1  

H U - K F  1 7 . 0 6  - 

V - K F I *  5 . 5 3  - - 

V - I R 2 *  8 . 8 6  - - 

V - I R 3  2 4 . 4 8  - - 

- -  2 6 . 5 2  1 2 . 6 6  8 . 6 3  

- -  6 . 9 3  2 . 8 0  -- 

-- 9 . 1 4  0 . 9 0  --  

-- 1 0 . 7 0  0 . 7 6  5 . 5 2  

8 . 7 4  2 . 8 0  1 1 . 5 1  4 . 2 3  -- -- -- 

1 3 . 8 7  3 . 3 8  -- -- 7 . 6 0  2 , 3 4  - 

1 4 . 4 2  5 . 1 5  3 . 3 3  1 . 3 6  4 . 6 4  2 . 1 0  -- 

9 . 2 3  3 . 2 8  3 . 3 7  1 . 3 8  5 . 8 6  2 . 6 3  -- 

7 . 7 7  3 . 9 2  0 . 4 4  0 . 2 6  5 . 2 6  3 . 3 6  -- 

7 . 9 3  3 . 7 5  1 . 0 4  0 . 5 6  6 . 3 1  3 . 7 7  -- 

8 . 7 7  5 . 2 6  - -- 8 . 0 8  6 . 1 2  -- 

8 . 2 7  2 . 3 2  3 . 9 8  1 . 2 8  5 . 5 2  1 . 9 6  -- 

1 5 . 2 0  4 . 7 7  -- -- 1 1 . 1 4  4 . 4 2  -- 

1 7 . 4 5  6 . 5 3  1 . 2 5  0 . 5 4  1 1 . 0 3  5 . 2 1  -- 

1 7 . 3 3  7 . 3 6  2 . 3 7  1 . 1 5  9 . 3 1  5 . 0 0  -- 

1 1 . 2 1  8 . 2 7  -- -- 4 . 8 6  4 . 5 3  -- 

1 8 . 8 6  5 . 1 1  -- -- 1 1 . 9 0  4 . 0 8  -- 

3 7 . 7 7  9 . 8 3  -- -- 1 0 . 2 4  3 . 3 7  -- 

2 1 . 6 9  7 . 0 7  - 3 . 6 4  1 . 5 0  -- 

4 5 . 2 4  1 1 . 8 4  -- -- 3 . 9 4  1 . 3 0  -- 

4 4 . 0 4  3 . 3 0  5 . 5 9  0 . 4 8  -- -- -- 

2 2 . 3 5  9 . 3 3  6 . 7 3  3 . 2 3  3 . 5 9  1 . 8 9  - 

3 6 . 5 8  1 1 . 2 6  2 . 7 1  0 . 9 6  4 . 5 9  1 . 7 9  -- 

2 7 . 9 3  9 . 3 1  2 . 9 3  1 . 1 2  4 . 8 1  2 . 0 3  -- 

1 0 . 9 7  1 . 6 4  9 . 4 1  1 . 6 2  - - -- 

4 9 . 6 4  8 . 3 3  1 4 . 8 9  2 . 8 7  3 . 9 0  0 . 8 3  -- 

4 7 . 2 5  1 4 . 2 9  2 . 0 1  0 . 7 0  8 . 7 0  3 . 3 3  --  

7 . 8 7  6 . 9 3  9 . 1 2  9 . 2 1  2 . 5 0  2 . 7 8  - 

7 . 9 2  8 . 2 2  0 . 2 6  

7 . 1 2  7 . 6 1  0 . 5 0  

7 . 5 2  9 . 4 0  3 . 4 4  

8 . 6 4  1 4 . 2 2  0 . 1 4  

4 . 6 9  5 . 8 3  1 . 0 1  

4 . 3 9  5 . 6 0  1 . 4 4  

5 . 5 1  8 . 7 0  0 . 8 7  

5 . 0 0  6 . 4 8  1 . 4 6  

4 . 7 1  6 . 1 8  0 . 9 4  

3 . 5 5  4 . 8 9  0 . 6 8  

5 . 3 4  6 . 5 7  0 . 8 5  

5 . 9 3  5 . 8 7  2 . 4 5  

5 . 9 3  1 0 . 2 5  0 . 7 3  

4 . 4 3  5 . 9 9  0 . 7 3  

4 . 7 1  5 . 7 7  0 . 6 4  

5 . 9 4  6 . 7 1  0 . 7 1  

5 . 1 9  5 . 8 0  1 . 0 6  

4 . 3 7  T . 7 7  0 . 4 5  

9 . 7 1  7 . 0 8  1 . 6 3  

9 . 9 5  1 2 . 1 9  0 . 1 7  

5 . 0 5  1 0 . 1 7  0 . 5 7  

7 . 6 0  0 . 2 5  0 . 0 0  

6 . 5 5  8 . 2 5  0 . 3 8  

6 . 7 8  7 . 4 4  0 . 5 0  

5 . 0 7  7 . 9 9  1 . 1 1  

2 . 1 8  6 . 0 0  0 . 1 4  

4 . 4 3  5 . 5 5  --  

7 . 2 0  3 . 3 2  -- 

V - I R 4 *  9 . 6 0  2 . 1 5  0 . 4 6  3 1 . 6 3  1 6 . 6 8  - - 

V - 1 R 5  1 4 . 3 7  3 . 0 8  - 6 . 3 0  4 . 2 1  - - 4 . 1 7  3 . 5 2  - 

A U - I *  8 . 0 7  - - 3 8 . 9 9  8 . 9 1  0 . 9 4  0 . 2 5  2 4 . 2 5  7 . 0 1  - 

A U - 2 *  8 . 9 4  - - 4 2 . 6 6  9 . 1 5  1 . 5 8  0 . 3 9  1 9 . 0 7  5 . 1 7  - 

A U - K F  1 6 . 0 7  - - 1 7 . 2 9  6 . 9 8  2 . 3 4  1 . 0 8  1 0 . 4 3  5 . 3 2  - 

A U - B I  1 4 . 2 8  6 . 6 5  - 5 . 8 2  4 . 4 1  - - 4 . 9 9  4 . 7 8  

D I - 1  2 3 . 2 8  3 . 3 0  - 3 . 2 5  1 . 6 3  - - 6 . 3 1  3 . 9 9  - 

D I - 2  2 1 . 7 2  4 . 5 2  - 0 . 9 4  0 . 8 9  - - 5 . 5 6  6 . 7 0  - 

D I - 3  2 0 . 3 3  3 . 8 6  - 1 . 0 6  1 . 0 1  - - 6 . 1 7  7 . 3 9  - 

D I ~ . A  2 3 . 9 0  1 . 9 0  - 3 . 1 8  1 . 9 8  - - 5 . 3 2  4 . 2 0  - 

D I - 4 B  2 2 . 9 8  1 . 2 6  - 3 . 2 5  2 . 0 9  - - 4 . 9 3  4 . 0 0  - 

D I - 7  2 2 , 3 1  2 . 8 0  - 3 . 2 7  2 . 0 8  - - 5 . 8 5  4 . 7 1  - 

S ~ - I  2 2 . 1 8  - - 5 . 8 2  3 . 1 2  8 . 6 8  5 . 3 4  - - - 

S O - 2  2 3 . 7 1  - - 1 1 . 1 6  3 . 5 9  8 . 8 3  3 . 2 5  - - - 

S ( ~ - 3  1 9 . 7 1  - - 9 . 2 8  2 . 0 6  7 . 7 3  1 . 9 7  - - - 

S 0 - 4 "  5 8 . 2 8  - - 1 . 0 7  0 . 2 4  5 . 6 3  1 . 4 7  5 . 0 8  1 . 4 6  - 

S ( ~ 5  2 2 . 8 7  0 . 7 0  - 6 . 8 1  2 . 0 7  - - 5 . 6 6  2 . 1 7  - 

S N ~ I  1 8 . 9 5  - - 4 . 2 6  1 . 6 8  5 . 5 2  2 . 4 9  - - - 

S N - 2  1 6 . 6 9  - - 3 . 0 4  2 . 5 4  5 . 0 4  4 . 8 2  - - - 

S N - 5  1 1 . 6 3  - - 5 . 1 6  2 . 7 9  5 . 8 0  3 . 5 9  - - - 

S N - 7  1 2 . 7 9  - - 7 . 8 1  2 . 9 7  4 . 9 0  2 . 1 4  - - - 

E - I  * 2 2 . 6 0  - - 6 . 6 5  2 . 0 2  5 . 8 2  1 . 8 4  2 4 . 3 2  9 . 3 4  - 

E - 2  2 4 . 4 0  - - 6 . 4 3  1 . 8 4  1 0 . 9 3  3 . 5 9  3 . 3 6  1 . 2 2  - 

E - 3 *  2 4 . 2 4  - - 7 . 1 4  2 . 2 8  2 . 5 5  0 . 9 3  2 5 . 1 1  1 0 . 1 2  - 

E - 4 *  1 2 . 3 9  4 . 6 7  - 3 7 . 3 7  6 . 7 5  - - 1 0 . 1 3  2 . 3 1  - 

E - 5 *  1 1 . 0 3  5 . 2 3  -- 3 6 . 0 3  5 . 7 9  - -- 1 3 . 5 3  2 . 7 5  - 

1 9 . 0 0  1 2 . 6 7  2 . 2 2  1 0 . 0 9  9 . 8 7  -- 

5 . 7 5  6 . 2 5  - 

1 . 9 0  3 . 6 2  0 . 0 9  

2 . 1 7  3 . 8 3  0 , 0 9  

4 , 5 8  5 . 5 1  1 . 0 1  

4 , 3 1  5 . 4 7  3 . 1 1  

5 , 0 5  5 . 4 1  1 . 8 4  

4 . 5 6  4 . 2 0  3 . 1 1  

5 . 1 7  4 . 4 2  3 . 0 4  

4 . 9 0  4 . 2 8  1 . 9 6  

5 . 0 0  4 . 6 3  2 . 0 3  

5 . 6 0  4 . 8 6  1 . 9 8  

4 . 6 0  5 . 8 4  1 . 1 6  

4 . 8 4  8 . 1 5  0 . 1 7  

5 . 0 0  7 . 8 6  0 . 8 7  

2 . 3 4  5 . 9 0  0 . 2 4  

4 . 0 3  5 . 6 8  2 . 9 7  

4 . 8 1  1 0 . 7 5  2 . 9 0  

3 . 2 3  7 . 0 6  1 . 8 9  

6 . 2 9  1 2 . 6 1  3 . 1 8  

5 . 2 8  1 0 , 5 7  2 . 3 6  

2 . 2 0  5 . 1 0  0 . 4 2  

2 . 5 8  4 . 9 4  1 . 0 4  

1 . 9 9  3 . 7 0  0 . 3 1  

4 . 9 2  6 . 5 0  0 . 6 6  

4 . 3 9  6 . 5 4  0 . 5 9  



4 6  

T A B L E  4 

Trace  e l e m e n t  c o n c e n t r a t i o n s  a n d  S~Sr/S6Sr r a t i o s  in  g a b b r o i c  Os lo  r i f t  r o c k s  ( a b b r e v i a t i o n s  as in  T a b l e  3) 

S a m p l e  Sc Cr Co Ni  R b  Sr Cs Ba La Ce N d  S m  E u  

B R - I *  6 0  30  81 .2  24 5.5 2 8 8  0 .31  185  

B R - 2 A *  4 3  177  6 3 . 8  94 18 .6  7 0 9  0 . 2 2  362  

B R - 2 B  4 2  54 55 .8  88 33 .7  9 2 8  0 .85  6 4 6  

B R - 2 D *  85 136  82 .8  194  3.4 1 8 8  0 . 1 0  51 

B R - K F  . . . . . . . .  

T - K F  . . . . . . . .  

S-1 37  52 55 .2  83 2 8 . 6  706  0 . 5 2  261 

S - K F  . . . . . . . .  

V I - I  2 0 . 0  32 3 4 . 6  < 1 0  52.7  9 1 7  0 . 3 7  570  

VI-2 2 1 . 7  91 4 2 . 6  < 1 0  31 .5  8 9 8  0 . 7 0  3 5 4  

VI-3 26 ,2  56 57 .4  < 1 0  4 3 . 5  7 9 7  0 . 7 5  3 9 5  

V I - K F  . . . . . . . .  

BA- I  4 2  n 72 .2  1 2 8  36 .4  6 7 2  0 .84  525 

BA-2 4 6  n 6 2 . 0  116  3 6 . 7  6 3 9  2 .34  4 2 6  

BA-3 37 n 6 2 . 4  121 25 .9  6 0 5  0 .62  4 8 3  

B A 4  33 n 4 9 . 3  4 6  27 .5  1 0 1 0  1 .10  4 6 9  

BA- K F  . . . . . . . .  

H U - I *  50 41 77 .4  126  14 .9  4 2 4  1 .34  4 0 0  

H U - 2  4 5  7 4 0 . 0  < 1 0  9 5 . 7  1 0 0 0  3 .20  567 
H U - 3  . . . . . . . .  

H U 4 *  81 - 89 .5  96 15 .9  177  1 .00  4 1 3  

H U - 5 *  72 - 54 .2  94  2 3 . 8  3 5 3  0 . 7 7  97  

H U - 7  53 - 82.1 9 8  29 .3  532  2 .22  566  

H U - 8 *  52 - 79 .6  176  22 .4  4 9 8  1 .87  n 

H U - 9  54 - 72 .4  106  36 .9  787  1 .94  151 
H U - K F  . . . . . . . .  

V - K F *  . . . . . . . .  

V - E I 2 *  75 2 7 5  91 .5  73 - - 0 . 2 7  15 

V - I 6 *  94 4 2 8  88.1 153  n n 0 . 0 5  12 

A U - I *  6 0  21 98 .4  3 9 3  3.3 6 8  0 . 3 5  58 

A U - 2 *  74 1 0 7 2  88 .8  4 0 4  3.3 93 0 . 4 3  110  
A U - K F  . . . . . . . .  

A U - B 1  8.9 < 2  23 .4  11 105  1 6 2 3  4 . 2 3  1 0 2 7  

DI-1 11 .5  4 2  30 .3  4 2  48 .1  1 0 5 3  0 . 7 8  535  

DI-2 8.1 17 27 .3  22  6 0 . 5  1 1 4 8  0 . 7 0  6 6 0  

DI-3 8.6 4 5  3 0 . 9  < 1 0  60 .6  1 1 0 8  1 .05  6 0 2  

D I - 4 A  12 .3  11 2 3 . 0  4 8  50 .0  1 0 7 5  1 .24  384  

DI -4B  12 .8  36 2 3 . 0  20 53 .0  1 0 4 6  1 .55  4 6 2  

DI-7 12.1 39 30 .2  35 4 9 . 7  1 0 3 8  0 . 7 6  4 4 5  

S(~-1 2 4 . 3  4 9  25.1 12 73 .5  4 1 3  3 .86  2 0 8  

S 0 - 2  30  50 13 .6  63  36 .2  4 3 3  2 . 1 2  2 7 9  

S 0 - 3  25 .5  16 15 .3  < 1 0  53 .8  4 2 0  1 .49  3 4 9  

S 0 - 4 "  6.1 153  4 .9  63  5.0 819  1 .75  82 

S 0 - 5  19 .7  10 31 .9  21 38 .3  6 5 5  1 .44  2 3 9  

S N - I  17 .4  41 29 .7  - 59 .3  507  1 .39  3 0 6  

SN-2  12 .2  4 2  17 .5  - 103  4 6 8  1 .99  505  

SN-5  19 .9  8 3 5 . 4  27  119  3 3 8  3 . 6 0  514  

SN-7  2 1 . 7  36 27 .9  1 1 7  80.5  4 2 3  0 .51  3 0 3  

E-1 * 17 .2  28  94 .4  544  16 .5  4 6 8  0 . 2 3  2 1 9  

E-2 16 .8  36 3 3 . 2  111 51.3  564  1 .53  4 4 8  

E-3*  17 .4  25 96 .1  4 2 2  21 .2  4 7 9  0 . 3 2  2 0 7  

E-4*  39 6 8 7  6 7 . 8  2 2 4  39 .5  6 3 2  1 .13  4 4 3  

E-5* 39 767  70.1 3 1 6  4 3 . 8  375  2 . 7 7  4 3 2  

14.1 33 -- 5 .07  1.6 

23 .6  50 -- 5 .97  2.1 

4 9 . 7  104  -- 12 .2  3.5 

10 .9  29  -- 5 .19  1.5 

31 .2  76 38 .7  7 .06  1.8 

6 4 . 8  123  58 .5  9 .93  2.1 

32 .2  58 -- 7 .83  2.5 

4 1 . 3  94 4 0 . 0  7 .60  1.8 

51 .3  83 -- 8 .07  2 .2  

31 .5  64  -- 5 .74  1.6 

48 .1  71 -- 7.01 2.1 

4 4 . 7  80 4 5 . 4  11 .0  2.2 

3 3 . 8  64  -- 6 . 3 0  2 .0  

3 7 . 8  74 -- 6 . 8 9  2.1 

30 .7  59 -- 6 . 5 5  2 .0  

32 ,2  59 -- 5 .92  1.9 

34 .9  80 4 1 . 4  7 .52  2 .0  

3 9 , 8  66  -- 7 .20  2.1 

56 ,5  111 -- 12 .4  3.7 

29  -- 4 . 5 6  1.3 

58 - 8 .59  2 .5  

72 - 7 .72  2 .2  

58 - 6 . 5 4  1 . 9  

52 - 6 . 7 4  2 .3  

94 42 .2  8 .78  2 .0  

18 11.9 3 . 5 8  1.1 

12 - -  2 . 1 0  0 . 6 8  

23 -- 3 .34  1.21 

18 -- 3 .31 0 . 6 9  

22 -- 2 . 7 8  0 .91  

61 30 .5  5 .38  1 .55  

13,1 

27 ,4  

3 0 . 8  

19 ,2  

27 .9  

4 2 , 9  

6 ,4  

5,3 
12 ,2  

5,1 

6 .4  

30 ,2  

150  2 1 8  - -  18 .7  4 . 8 6  

6 6 . 0  124  -- 15 .2  4 . 0 7  

9 2 , 6  180  -- 19 .8  5 .27  

82 ,5  150  -- 15 .5  5 .05  

6 0 , 7  137  - -  13.5  3 .83  

6 5 . 9  147  -- 13 .5  4 . 0 4  

59 ,4  122  -- 13 .3  3 .59  

4 0 , 8  95 -- 9 .26  2 .45  

2 7 . 3  75 -- 6 .82  1 .65  

31 ,9  78 -- 7.41 1 .89  

7,4 16 - -  1 .40  0 . 5 9  

4 9 , 7  131 -- 13 .9  3 . 8 6  

6 2 , 7  124  -- 18 .8  5 .38  

75 .7  1 3 8  -- 19 .6  5 .59  

7 8 . 0  168  -- 2 1 , 7  5 .45  

61 ,2  124  -- 19 .2  5 .14  

20 ,5  37 -- 3 . 7 9  1.11 

72 .9  127  - 10 .2  1 .57  

19 ,9  37 -- 3 .12  1 .09  

4 3 , 2  91 -- 7 .01 1.81 
4 4 , 8  74 -- 6 . 7 6  1 .95  

* = c u m u l a t e s .  



4 7  

T A B L E  4 ( c o n t i n u e d )  

S a m p l e  G d  T b  Y b  L u  H f  T a  T h  U aTSr/a~ Sr 

B R - I  * - 0 . 5 6  1 .5  0 . 2 6  3 . 7 0  1 . 0 2  0 . 6 6  0 . 2 2  0 . 7 0 3 9 5  

B R - 2 A *  - 0 . 8 3  2 . 8  0 . 4 0  3 . 4 0  2 . 0 5  2 . 2  0 . 5 8  0 . 7 0 4 0 2  

B R - 2 B  - 1 . 6  3 . 2  0 . 4 7  4 . 5 3  2 . 7 1  3 . 4  1 . 0  - 

B R - 2 D *  - 0 . 8 8  3 . 4  0 . 5 5  4 . 1 0  0 . 7 2  0 . 4 6  0 . 1 2  - 

B R - K F  6 . 3  0 . 9 5  2 . 4  0 . 3 4  . . . . .  

T - K F  7 .5  0 . 8 4  1 . 8  0 . 2 6  . . . . .  

S-1 - 0 . 8 7  2 . 9  0 . 3 7  3 . 5 9  1 . 9 0  2 . 6  0 . 6 9  0 . 7 0 4 9 0  

S - K F  6 . 8  0 . 8 3  2 .1  0 . 3 3  . . . . .  

VI -1  - 0 . 7 8  1 . 8  0 . 3 0  7 . 5 4  3 . 5 2  5 .4  1 . 3  0 . 7 0 5 2 5  

V I - 2  - 0 . 8 3  1 .7  0 . 3 4  5 . 0 3  2 . 5 0  3 . 3  0 . 8 7  0 . 7 0 4 5 4  

V I - 3  - 1 . 0 4  2 . 0  0 . 2 8  7 . 6 5  3 . 4 6  4 . 4  1.1 - 

V I - K F  8 . 7  1 . 2 7  4 . 1  0 . 6 9  . . . . .  

BA-1  - 1 . 0 0  2 . 6  0 . 4 5  4 . 2 7  3 . 1 5  4 . 5  n 0 . 7 0 5 1 3  

B A - 2  - 1 . 0 6  2 . 8  0 . 4 5  4 . 3 8  2 . 3 3  3 . 8  n 0 . 7 0 4 6 7  

B A - 3  - 1 . 0 2  2 . 7  0 . 4 7  3 . 8 5  2 . 1 1  2 .5  n 0 . 7 0 5 2 0  

B A - 4  - 0 . 9 4  2 . 8  0 . 5 2  3 . 5 0  2 . 0 2  3 . 2  n 0 . 7 0 4 6 5  

B A - K F  7 .2  1 . 1 2  2 . 8  0 . 4 0  . . . . .  

H U - I *  - 0 . 7 8  2 .1  0 . 3 3  3 , 0 8  1 . 5 6  1.1 0 . 2 8  0 . 7 0 4 5 7  

H U - 2  - 1 . 5 9  2 . 4  0 . 3 4  7 . 3 2  4 . 5 2  6 . 6  2 . 3  0 . 7 0 7 0 7  

H U - 3  . . . . . . . .  0 . 7 1 1 8 7  

H U - 4 *  - 0 , 7 0  1 .4  0 . 2 2  3 . 3 4  1 . 2 2  1 . 0  - - 

H U - 5 *  - 1 . 4 4  2 . 7  0 . 3 6  4 . 0 3  1 . 8 0  2 . 2  0 . 5 1  - 

H U - 7  - 1 . 2 8  2 . 4  0 . 3 8  5 . 6 4  2 . 0 7  2 . 8  0 . 7 5  - 

H U - 8 *  - 0 . 8 2  2 . 2  0 . 3 5  3 . 4 1  1 . 2 3  1 .5  - - 

H U - 9  - 0 . 8 5  3 . 7  0 . 6 1  4 . 1 8  2 . 3 9  2 . 5  - - 

H U - K F  6 . 8  0 . 8 6  1 .6  0 . 2 0  . . . . .  

V - K F *  3 . 8  0 . 4 0  1.1 0 . 1 8  . . . . .  

V - E I 2 *  - 0 . 2 1  ~ 0 . 5  0 . 0 8  1 .51  0 . 4 4  n n - 

V-I  6 *  - 0 . 2 9  0 . 7 0  0 . 0 6  2 . 2 2  0 . 2 5  n n - 

A U - 1  * - 0 . 5 0  1 .2  0 . 1 5  1 . 6 6  0 . 2 3  0 . 3 1  0 . 0 9  0 . 7 0 4 9 2  

A U - 2 *  - 0 . 4 3  1 .2  0 . 1 8  1 . 5 1  0 . 3 7  0 , 3 0  0 . 0 9  0 . 7 0 4 5 0  

A U - K F  5 . 7 3  0 . 7 3  1 .5  

A U - B I  - 2 . 0 9  4 . 4  

DI-1 - 2 . 4 4  4 . 3  

DI -2  - 2 . 4 4  5 . 0  

DI -3  - 2 . 1 4  3.1 

D I - 4 A  - 1 . 8 6  3 . 2  

D I - 4 B  - 1 . 8 8  3 . 4  

DI-  7 - 2 . 0 5  3 . 4  

S 0 - 1  - 1 . 4 4  4 . 8  

S 0 - 2  - 0 . 9 8  2 . 3  

S 0 - 3  - 1 . 1 3  3 . 3  

0 . 2 3  . . . . .  

0 . 8 1  1 3 . 1  1 0 . 4  1 5 . 0  4 . 5  0 . 7 0 5 1 8  

0 . 5 2  1 0 , 0  5 . 0 9  7,1 - 0 . 7 0 5 0 5  

0 . 6 8  1 2 . 6  6 . 5 2  8 , 8  - 0 . 7 0 4 4 2  

0 . 3 0  1 9 . 0  6 . 9 1  8 , 4  2 . 6  0 . 7 0 4 5 1  

0 . 5 6  1 3 . 6  5 . 7 2  7 . 0  2 .1  0 . 7 0 4 6 3  

0 . 6 3  1 5 . 9  6 . 1 3  8 .1  2 . 4  - 

0 . 6 9  1 3 . 3  5 . 7 4  6 . 5  2 .1  - 

0 . 8 1  6 . 2  1 . 8 9  5 .5  1 .7  0 . 7 0 8 4 8  

0 . 3 6  6 .1  1 . 6 9  3 . 4  0 . 8  0 . 7 0 6 8 5  

0 . 4 8  7 .1  1 . 8 7  4 . 9  1 .5  0 . 7 0 7 2 4  

S (~ -4"  - 0 . 1 3  0 . 2 2  0 . 0 4  

Sty-5 - 2 . 0 6  3 . 7  0 . 5 0  

S N - I  - 2 . 6 0  5 .6  0 . 9 7  

S N - 2  - 2 . 4 2  6 . 6  0 . 9 0  

S N - 5  - 2 . 8 9  6 . 8  0 . 9 8  

S N - 7  - 2 . 7 1  5 .5  0 . 7 7  

E-1 * - 0 . 6 2  2 . 7  0 . 3 4  

E-2  - 1 . 3 4  3 . 4  0 . 4 8  

E - 3 *  - 0 . 5 4  1 .5  0 . 2 2  

E - 4 *  - 0 . 6 9  0 . 8 8  0 . 1 5  

E - 5 *  - 0 . 6 9  0 . 8 1  0 . 1 2  

1 . 1 8  0 . 5 0  0 . 6 3  0 . 1 8  0 . 7 0 4 3 6  

9 . 0  2 . 6 7  3 . 9  1 .2  0 . 7 0 5 1 1  

1 0 . 5  4 . 3 3  7 . 5  2 . 3  0 . 7 0 5 1 5  

1 4 . 8  4 . 7 7  9 . 9  3 . 0  0 . 7 0 6 3 4  

1 5 . 9  5 . 7 3  8 .5  2 . 5  0 . 7 0 7 7 3  

1 2 . 6  4 . 9 2  8 .1  2 . 5  0 . 7 0 6 0 7  

2 . 3 2  1 . 1 6  1 .5  1 . 0  0 . 7 0 5 1 4  

9 . 9  6 . 0 0  8 . 8  3 . 0  -- 

5 . 0 8  1 . 4 7  2 . 4  0 . 9 2  -- 

5 . 7 6  3 . 5 8  2 . 2  0 . 7 8  0 . 7 0 5 4 0  

6 . 7  3 . 7 4  3 . 6  1.1 0 . 7 0 6 3 2  
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Plagioclase 

Plagloclase phenocrysts are generally strongly 
zoned with calcic cores and more sodic rims. The 
most calcic cores (Anaa-Ana0) are found in samples 
from SNvsberget (S), Viksberget (VI), Ballangrudkol- 
len (BA) and Snaukollen (SN). Even groundmass 
plagioclase in Brandbukampen has An contents up to 
81 mol.%. The orthoclase content is less than 2 mol.% 
in the most calcic plagioclase, but increases slightly 
with increasing Na concentration. K-rich alkali 
feldspar occurs in the groundmass in some rocks. 

Plagioclase in the Dignes (DI) and S¢nstebyflakene 
(S0) rocks has less calcic cores (AnsoAb48Orz) and 
more potassic rims (An16Ab71Or13)than those de- 
scribed above. This trend is similar to that of feld- 
spars in the intrusive larvikites (Neumann, 1980)and 
extrusive rhomb porphyries (Harnik, 1969; Larsen, 
1978). 

Whole rock compositions 

Whole rock analyses (Table 3) were done by 
flame photometry (Na), atomic absorption (Mg), 
and X-ray fluorescence (XRF) analysis of fused pel- 
lets (other major elements). Fe z÷ was determined by 
titration. Rb and Sr were analyzed by XRF on 
pressed pellets, other trace elements (Table 4) by 
instrumental activation analysis methods described 
by Gordon et al. (1968) and Brunfelt and Steinnes 
(1969). Norms are given in cation percentages. Tables 
3 and 4 include analyses by Ramberg (1970) (major 
elements) and Finstad (1972) (major elements, 
and rare earth elements (REE) by radiochemical 
neutron activation analysis). 

Strontium isotopic determinations were made by 
solid source mass-spectrometry using the method 
described in Jacobsen and Heier (1978). The 87Sr/ 
S6Sr ratios measured were corrected for age using the 
Rb and Sr concentrations from the trace element 
analyses for 87Rb/S6Sr calculations, and an average 
age of 266 million years to obtain the inital STSr/86Sr 
ratios. 

Rocks with clinopyroxene phenocrysts vary con- 
siderably in composition. Samples with moderate 
proportions of phenocrysts (BR-2A, 2B, KF; HU-2, 
7, 9; and E-4, 5) have 5-11 wt. % MgO, Th-concen- 
trations between 2.5 and 4.5 ppm, and strongly light- 
REE-enriched chondrite-normalized REE-patterns 

(La/Lu: i00-367) (Fig. 2). Pyroxene-rich rocks 
with cumulate textures (BR-1, 2D; HU-4, 5, 8; V- 
KF1, IR2, IR4; 16; El2; AU-1, 2; and E-4, 5) are 
very rich in MgO (10.5-21.5 wt. %) and CaO (13.8- 
17.8 wt. %). Ratios Mg/Fe 2÷ are similar in rocks and 
clinopyroxene phenocrysts. Concentrations of Al203, 
alkalies and incompatible trace elements are low, and 
REE patterns relatively flat (Fig. 2). Concentrations 
of Cr and Sc (elements which are preferentially parti- 
tioned into Ca-rich pyroxene) tend to be high. The 
chemical data thus support the textural evidence that 
these rocks are cumulates. This is well demonstrated 
among the Brandbukampen (BR) rocks. The compo- 
sitional change from BR-2B (e.g., 24% norm. cpx, 
50 ppm La, La/Lu = 106) through BR-2A (36% 
norm. cpx, 24 ppm La, La/Lu = 59) to BR-2D (43% 
norm. cpx, I1 ppm La, La/Lu -- 20) (Tables 3, 4, 
Fig. 2) is compatible with the assumption that BR-2A 
and BR-2D consist of clinopyroxene and Fe-Ti oxides 
(in the ratio 80:20) with about 50 and 20% respec- 
tively of trapped liquid of BR-2B composition. 

The plagioclase-rich rocks from SNvsberget (S), 
Viksberget (VI), Dignes (DI), S~bnstebyflakene (SO), 
Snaukollen (SN), and Eiangen (E-2) have 2.6-7.5 
wt. % MgO, high concentrations of incompatible 
elements, and strongly light-REE-enriched REE 
patterns (La/Lu = 62-185) (Fig. 2). Weak negative 
Eu anomalies are common. Sample S0-4, however, 
has the positive Eu-anomaly, relatively high Sr and 
low incompatible element concentrations (Tables 3, 
4, Fig. 2) (e.g. Sr/Th = 1300) typical of plagioclase 
cumulates. However, sample S0-4 has a less pro- 
nounced positive Eu-anomaly than a hypothetical 
cumulate plotted for comparison in Fig. 2, assuming 
T-fo~ conditions representative of the QFM buffer 
(Drake and Weill, 1975). The REE data thus support 
the conclusion presented above that the rocks SO-l, 
2, 3, 4 crystallized under more oxidizing conditions 
than those defined by the NNO buffer. 

Also the Dignes (DI) rocks and the Aurenh6gda 
sample AU-B1 are very rich in Sr (1038-1623 ppm) 
(Table 4). Such high concentrations of Sr in rocks 
with plagioclase phenocrysts are easily interpreted as 
the result of accumulation of plagioclase. However, 
these rocks have some of the lowest CaO concentra- 
tions found in this study (Table 3), are highly en- 
riched in incompatible elements (e.g., 6.5-15.0 
ppm Th), and have weak negative Eu anomalies. 
Sr/Th ratios are 110-150, which place them in the 
lower part of the range covered by aphyric basaltic 
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Fig. 2. Chrondrite-normalized REE patterns of rocks from the Oslo rift gabbroic intrusions. For comparison the REE pattern of  
a hypothetical cumulate consisting of  70% plagioclase plus 30% melt of  the type S(~-2 (open squares) is indicated as a dashed line. 
Partition coefficients plagioclase/melt used in the estimate are those given by Drake and Weill (1975) for T-f02 conditions corre- 
sponding to the QFM buffer. Abbreviations as in Fig. 1. Sample numbers are given. 
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lavas of similar composition in the Oslo rift (120-  
500) (Weigand, 1975; O. Steinlein and E.-R. Neu- 
mann, unpublished data). Concentrations of Cr, Co 
and Ni are low. It is therefore concluded that the 
Dignes (DI) rocks and sample AU-B1 are not cumu- 
lates, but represent melt compositions. 

The olivine-rich samples E-1 and E-3 have chemical 
indications of cumulate olivine (high contents of 
MgO, Co and Ni, low ones of incompatible elements) 
(Tables 3,4). 

Rocks which are believed to contain cumulate 
minerals are marked with an asterisk in Tables 3 and 
4. Other rocks are believed to represent melt corn- 
positions. 

87Sr/86Sr A 
.712 

.710 

.708 

.706 ÷ ~ f  ~ f - 

.7o4 ~ ~ ~  
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Rb-Sr isotope data 

Rb and Sr isotope compositions were determined 
on 31 selected whole rock samples, plus mineral 
separates of sample DI-6. The results are plotted.in 
Fig. 3. 

The Snaukollen whole rock samples and separated 
clinopyroxene, plagioclase, apatite and biotite from 
the Dignes sample DI-6 define isochrons of similar age 
(265 -+ 11 and 266 -+ 5 Ma) and with initial 87Sr/S6Sr 
ratios of 0.70380 -+ 5 and 0.70394 +- 15 respectively 
(Fig. 3B). 

Whole rock samples from the other intrusions of 
this study do not define isochrons. The highest 875r/ 
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Fig. 3. Rb-Sr isotope data for Oslo rift gabbroic rocks. Symbols as in Fig. 3 with 20 error bars. A. Bulk rock data for all samples 
analyzed. The 266 Ma isochron from Fig. 3B is included for comparison. B. Bulk rock isochron defined by the SnaukoUen sam- 
pies and mineral isochron defined by the Dignes DI-6 minerals. 



865r ratios relative to the 266 Ma isochron are found 
in the Husebykollen samples HU-2 and HU-4 and the 
Senstebyflakene rocks S0-1, 2 and 3. The dispersion 
of  data in Fig. 3A may reflect contamination or 
mixing between magmas with different isotopic sig- 

natures. This possibility is tested in Fig. 4 which 
shows initial a7Sr/a6Sr ratios plotted against Sr. Faure 
(1977) has shown that magma mixing (or contamina- 
tion) products will define a hyperbola in such a 
diagram. Both the Dignes and the SCnstebyflakene 
datapoints fall close enough to hypothetical mixing 
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trends (A-B and C-D in Fig. 4) to suggest that their 
Sr isotope ratios are affected by mixing or contamina- 
tion processes. 

Discussion 

Classification 

The mafic intrusions in the Oslo rift range from 
gabbros, clinopyroxenites, and anorthosites to dior- 
itic and monzonitic rocks. Both textural and chemical 
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Fig. 4. Initial a~Sr/8~Sr ratios plotted against Sr for Oslo rift gabbroic rocks. Compositional ranges found among mid-ocean ridge 
basalts (MORB) (Basaltic Volcanism Study Project, 1981), marine limestones (Faure, 1977) and Precambrian rocks in southeast 
Norway (Jacobsen and Heier, 1978; B. Sundvoll, unpublished data) are indicated by boxes. The trends A-B and C-D represent 
(m~Bxing between hypothetical, somewhat evolved, mantle-derived magmas (,4 and C) and possible upper crustal contaminants 

Precambrian amphibolite facies rocks, granites, etc.; D: Cambro-Silurian carbonaceous sedimentary rocks). Numbers indicate 
fractions of contaminant in the mixture. The Senstebyflakene (SO) samples fall close to the A-B, the Dignes (DI) rocks close to 
the C-D mixing trend. Symbols as in Fig. 3. 
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data indicate that some of the rocks are cumulates. 
The olivine tholeiitic character of most of the 

rocks is verified by the fact that a number of them 
carry modal ol + opx (Table 1), and that normative 
mineral assemblages of most rocks put them within, 
or close to, the olivine tholeiitic portion of the basalt 
tetrahedron (Table 3). The terms "essexite" or "Oslo- 
essexite", are therefore not appropriate, and we 
suggest that for general purposes they simply be 
called "gabbros" or "gabbroic rocks". 

Position of the gabbroic rocks in the rift history 

The Rb-Sr Snaukollen whole rock and Dignes 
mineral isochrons of 265 -+ 11 and 266 -+ 5 Ma, 
respectively, imply emplacement of the mafic intru- 
sions at a relatively late stage of the rifting period 
(304-245 Ma ago). Compositionally the gabbroic 
rocks resemble the younger basalts, those at B2 and 
B 3 stratigraphic positions, which are also silica- 
saturated to mildly undersaturated, strongly enriched 
in incompatible elements and in light relative to 
heavy REE. These data thus support the view that the 
mafic intrusions may represent feeders to late stage 
central volcanoes. 

Source materials 

The mafic silicates in the Oslo rift gabbroic rocks 
have the following range in Mg-values: 0.79-0.39 
in olivine, 0.86-0.34 in clinopyroxene, and 0.76-  
0.53 in orthopyroxene (Table 1). A considerable 
compositional range is found within each intrusive 
body. 

Primary mantle-derived basaltic magmas are ex- 
pected to be in equilibrium with olivines ranging from 
Fo95 to FoBs , and have Mg-values between 0.86 and 
0.69 (e.g., Mysen and Kushiro, 1977; Hanson and 
Langmuir, 1978; Basaltic Volcanism Study Project, 
1981). Even the most magnesian olivines of this 
study are thus less magnesian than those expected to 
be in equilibrium with primitive basaltic melts. The 
olivines appear to have suffered subsolidus reequili- 
bration. Conclusions concerning melt compositions 
can thus not be based on olivines. Estimates of Mg-Fe 
relations in those melts which gave rise to the most 
mafic rocks of the present study are therefore based 
on clinopyroxene compositions. 

The clinopyroxene-liquid relations described by 
the formula 

1651 
in gcpx-L = + 0.3133 

*~Mg'Fe2+ T 

(Nielsen and Drake, 1979), imply that at a tempera- 
ture of roughly 1200°C, the most magnesian clino- 
pyroxene (Mg-value = 0.89 in RV-11, E-5; Table 1) 
crystallized from melts with a Mg-value of 0.66, 
significantly different from the range covered by 
primitive magmas. None of the rocks thus appear to 
have formed from primitive melts, but from melts 
which have been subjected to some degree of frac- 
tional crystallization or contamination. 

Fractional crystallization 

It has been concluded above that no rock of the 
present study has formed from a primitive mafic 
magma. The complexity of the evolutionary history 
of these rocks is reflected in the variety of crystalli- 
zation orders (a- f )  listed above, in the range of 
mineral compositions and in their chemical diversity. 

The observed differences in crystallization order 
(which occur both between and within plugs) are 
such that they would not be expected to represent 
different stages of crystallization from identical initial 
melts under similar physical conditions. Instead, they 
would seem to reflect either compositional differ- 
ences inherited from the parental magma, induced 
through contamination/assimilation, or differences in 
the evolutionary history of these rocks. Volatile 
content is clearly one of the parameters which 
governed crystallization in these rocks. Early crystal- 
lization of kaersutite (crystallization orders b and f) is 
mainly restricted to calcite-bearing rocks. Highly 
variable Fe 3÷ contents of clinopyroxene phenocrysts 
furthermore imply that crystallization took place 
under different T-f02 conditions, probably ranging 
from those defined by the QFM buffer to more 
oxidizing than the NNO buffer. 

A comparison between rocks believed to represent 
melt compositions reveal some chemical contrasts. 
There is a common negative correlation between 
MgO, CaO, Sc, Cr, Co, and Ni and the incompatible 
elements K20, Rb, La, Th, etc. (Tables 3, 4, Fig. 5). 
The more evolved rocks, however, define two sepa- 
rate evolutionary trends. Rocks from Dignes (DI), 
Viksberget (VI) and sample AU-B1 tend to have 
higher concentrations of A1203, Na20, and Sr, but 
lower ones of Sc and Lu at any given evolutionary 
stage than have rocks from Snaukollen (SN) and 
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SCnstebyflakene (SO) (Fig. 5, Table 3). Furthermore, 
the former group tends to be ne-normative, the latter 
q-normative. 

These compositional contrasts strongly suggest 
that the two groups of rocks have acquired their 

present compositions through fractional crystalliza- 
tion dominated by different mineral assemblages. The 
Dignes (DI) trend imply removal of MgO-CaO-Sc-rich 
and Al203-Na20-Sr-poor minerals, most likely clino- 

pyroxene (+ olivine?). The phenocryst assemblage 

ol + plag now found in these rocks consequently 

reflect only the latest stage of evolution. The main 
stage of evolution must have taken place at a higher 

pressure with an increased field of stability of clino- 

pyroxene relative to plagioclase. The compositional 
character of the Snaukollen (SN) trend, however, 
(lower AlzOa, Na~O, Sr, higher Sc) strongly suggests 
more extensive removal of plagioclase. 

Alternatively, one of these trends may reflect 

contamination, assimilation, or mixing with crustal 
material. 

The relation between crystallization order and 
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Fig. 5. Selected major and trace elements in Oslo rift gabbros plotted against Th, compared to calculated evolutionary trends• 
Trend M-A-C-D models crystallization in the lower crust: fractional removal of ol (M-A) followed by ol20cpxso (A-D). Trend 
C-B' assumes ascent of magma to the upper crust at stage C, followed by fractional removal of ola0plagTo. Further explanation is 
given in the text. Distribution coefficients used to calculate the trends are given in Table 5. F = proportion of liquid. Abbrevia- 
tions: BR = Brandbukampen, S = S¢lvsberget, VI = Viksberget, HU = Husebykollen, AU = AurenhCgda, DI = Dignes, SO = SCnste- 
byflakene, SN = SnaukoUen, E = Eiangen. 
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chemistry is obviously complex and its resolution 
requires detailed geochemical investigations of 
individual intrusions. However, even at this prelimi- 
nary stage certain deductions may be made. 

Two observations suggest a two-stage crystalliza- 
tion history : 

(1) Rocks with early crystallization of plagioclase 
(crystallization order c and d) have formed from less 
mafic melts than have rocks with early crystallization 
of clinopyroxene (crystallization order a and b). 
This observation implies that crystallization order is 
determined by the extent of post-melting processes 
rather than by the initial melt chemistry. 

(2) The compositions of some of the rocks (DI, 
AU-B1) suggest an early stage at some depth domi- 
nated by removal of clinopyroxene + ol, and a second 
stage (in situ in the upper crust) with removal of ol + 
plag. 

The question is then if it is theoretically possible 
to explain the crystallization orders a - d  in terms of a 
two-stage fractionation model assuming one type of 
primitive melt. The answer is yes, and a model for 
how this could be achieved is illustrated in Fig. 6 

Gpx 

/ / 

Plag OI 

Fig. 6. Variations in crystallization order expected to result 
from a two-stage fractional crystallization model illustrated 
in a Fo-Di-An projection (experimental data by Presnali et 
al., 1978). M represents an olivine tholeiitic initial melt. 
Crystallization starts in the lower crust with removal of 
olivine followed by clinopyroxene (trend M.A-B.C.D). At 
some stage of evolution residual magma escapes to the upper 
crust. Depending on the extent of differentiation in the lower 
crust, crystallization order in the upper crust will be ol-cpx- 
plag (A-A'-B'), ol-plag-cps (C-C'-B') or possibly plag-ol- 
cpx (D-B'). 

based on experimental data by Presnall et al. (1978). 
We assume that an olivine tholeiitic initial melt of 
composition M ascends from its source area in the 
mantle. In the lower crust this dense mafic magma 
will lose its buoyancy relative to the side rock (Neu- 
mann, 1980). The magma will consequently be 
retained in the lower crust and crystallize there for 
a period of time. In our model olivine will be the first 
mineral on the liquidus, followed by clinopyroxene. 
The melt composition will, as a result of fractional 
crystallization in the lower crust, follow a trend such 
as M-A-D in Fig. 6. At irregular intervals melts may 
escape from the reservoir in the lower crust along 
newly formed fractures, and ascend to the upper 
crust. Here a new set of magma chambers is formed 
where crystallization proceeds. The crystallization 
order in the upper crust depends on the extent of 
fractionation in the lower crust. Magmas with a 
limited degree of crystallization before ascent (com- 
positions in the range M-A-B) would at low pressure 
crystallize olivine followed by clinopyroxene along a 
path such as A-A'(-B'). The olivine-clinopyroxenites 
and clinopyroxenites of the present study (crystalli- 
zation order a) belong to this group. Melts with a 
longer period of residence in the lower crust (compo- 
sitons B-D) would, in the upper crust, crystallize 
olivine with plagioclase as the second mineral. A 
typical path would be C-C~(-B'). The Dignes (DI) 
and Snaukollen (SN) trends may represent evolution 
of the type M-A-C-D, and M-A-C-C'-B' respectively. 
Within a limited pressure range about 7 kbar, very 
extensive crystallization in the lower crust may yield 
melts (composition D) which have plagioclase on the 
liquidus at low pressure, closely followed by olivine 
(crystallization order e). 

The model has been tested by comparing data on 
selected major and trace elements with hypothetical 
evolutionary trends. Distribution coefficients used in 
the calculations are listed in Table 5, the results are 
plotted in Fig. 5. The trend M-A-C-D represents 
fractional removal (F = 1 to 0.2) of ol followed by 
ol20cpx8o in the lower crust, the trend C'-B' reflects 
ascent to the upper crust at stage C (F = 0.4) fol- 
lowed by removal of the mixture ol3oplagTo in the 
upper crust. 

The Viksberget (VI), Ballangrudkollen (BA) and 
Dignes (DI) datapoints fall close to the trend rep- 
resenting crystallization in the lower crust, whereas 
the Snaukollen (SN) data imply a significant degree 
of fractional crystallization in the upper crust. The 
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T A B L E  5 

Dis t r ibu t ion  coef f ic ien ts  c ry s t a l /me l t  used  to e s t ima te  
evo lu t i ona ry  t rends  in Fig. 5. Data  f r o m  Bender et al. ( 1978) ,  
Drake and  Weiil (1975) ,  and  I rving ( 1 9 7 8 )  

Ol Cpx Plag 

Sc 0.3 4 .0  0.05 
Co 4.0 1.5 0.05 
K 0.001 0 .002  0.2 
Sr 0 .003 0.1 2.7 
La 0.01 0 .15  0 .08  
Yb 0.03 0.8 0.05 
Th 0.001 0.001 0.001 
AlaO 3 0.001 0.6 2.0 
MgO 4.6 1.8 0 .003  
CaO 0.03 1.6 2.0 
Na20  0.001 0.21 1.0 

pyroxenites and olivine-pyroxenites may have formed 
from melts with only a moderate degree of crystalli- 
zation in the lower crust, so that they continued to 
crystallize ol + cpx also after ascent to the upper 
crust (A'-B' in Fig. 5). 

The mildly ne-normative nature of the Dignes 
(DI) and q-normative nature of the Snaukollen (SN) 
rocks is compatible with this model. Experimental 
studies by Kushiro (1968) and Presnall et al. (1978) 
show that at pressures close to 1 atm crystallization 
of ol -+ cpx -+ plag -+ en may move a liquid from the 
field of silica-saturation into the q-normative field. 
As pressure increases the stability field of ol con- 
tracts away from the silica-rich field, and removal of 
ol -+ cpx -+ plag + en from a silica-saturated melt will 
produce silica-saturated, or, at pressures above about 
7 kbar, may even result in mildly silica-undersatu- 
rated residual melts. 

The crystallization history outlined for these rocks 
does not rule out the possibility of primary differ- 
ences in major and trace element compositions of 
the mantle-derived melts which gave rise to these 
gabbroic intrusions. It does, however, imply a con- 
siderable residence time in the lower or intermediate 
crust before intrusion into the upper crust where 
crystallization was completed. Besides the effect of 
crystallization which is fairly well documented above, 
the magmas may have been subjected to processes 
like contamination, assimilation, crystallization in 
periodically refilled magma chambers, and magma 
mixing in both the lower and the upper crust. As is 
shown below, the S¢nstebyflakene rocks have been 
affected by such processes. In Fig. 6 the SOnsteby- 
flakene samples S0-1, 2, 3 have significantly lower 
Sr and Co concentrations relative to Th than are 
expected from the hypothetical trends. 

Con tamination 

The analyzed rocks cover a considerable range in 
initial 87Sr/S6Sr ratios (Fig. 3). Significant variations 
are found both between and within the intrusions. 
These variations cannot be explained by fractional 
crystallization alone. It has furthermore been shown 
that for two of the gabbro intrusions (Dignes and 
S~bnstebyflakene) plots of 87Sr/a6Sr initial ratios fall 
close to hypothetical mixing trends (A-B and C-D 
in Fig. 5). These data may be explained in terms of 
mixing between melts derived from different parts 
of a heterogeneous mantle source, off/and) contami- 
nation of mantle-derived melts during their ascent 
through the lithosphere. The following discussion is 
aimed at throwing further light on the relative im- 

TABLE 6 

Some isotope and trace element data on Permo-Carboniferous Oslo rift gabbros (excluding cumulates) and estimated primary melt (P), 
compared with estimated means for modern depleted and enriched mid-ocean ridge basalts (MORB), ocean island basalts (OIB) and plane- 
tary values. Data from Alldgre et al. (1980), Basaltic Volcanism Study Project (1981), Bougault et al. (1980), Sun (1980), and Tarney et al. 
(1980). 

Oslo gabbros P Depleted Enriched O1B Planetary 
MORB MORB values 

Init. S~Sr/SSSr 0 .7037-0 .7109  0.7037 0 .7024-0 .7030  0 .7030-0 .7035  0 .7030-0 .7050  0.7045 
K/Rb 7 1 - 3 7 0  220--310 1046 414 436 350 
Th/U 3.4 -+ 0.4 3.4 2 3 3 .5 -4 .2  4 
(La/Yb)EF 6 0.7 1.8 12.5 1.0 
K (ppm) 5000 1060 1854 9600 120 
Sr (ppm) 350 124 180 800 11 
La (ppm) 20 3.0 6.3 35 0.315 
Th (ppm) 2 0.20 0.55 3.4 0.05 
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portance of these processes in the genesis of the Oslo 
rift gabbroic rocks. 

In Table 6 selected compositional data for the 
gabbros of the present study have been compared to 
values representative of depleted and enriched type 
mantle-derived magmas, and estimated planetary 
values. The planetary STSr/a6Sr value of 0.7045 
(All~gre et al., 1980) represents zero age, the cor- 
responding value for early Permian time would be 
about 0.7042• In Figs. 4 and 7 the gabbros are also 
compared to basement rocks from southeast Norway 
representing possible sources of contamination. 
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Fig. 7. Variations in K/Rb relative to S~Sr/~Sr initial ratios 
among Oslo rift gabbroic rocks. The lines indicate the K/Rb 
ratio of the Earth's primitive mantle (Nesbitt and Sun, 1980), 
and the estimated planetary 87Sr/~Sr value in early Permian 
time. Rocks depleted in Rb and radiogenetic Sr relative to 
the Earth's primitive mantle plot in the lower right-hand 
rectangle, enriched rocks in the upper left-hand rectangle. 
Symbols as in Fig. 5. Small dots are cumulates. 

The observed variations in trace element and 
isotope ratios between the rock types listed in Table 
6 are believed to be due to the chemical evolution of 
the Earth's mantle and crust with time. Small differ- 
ences have been found to exist in mantle residue-melt 
bulk distribution coefficients, so that DLa>DK>DHf / 
>DTa>Du>DTh>DRb>DCs (e.g., Sun et al., 1979; 
Bougault et al., 1980; Sun, 1983). The continuous 
transfer of incompatible elements from the mantle 
to the oceanic and continental crust through partial 
melting have thus left a MORB source region progres- 
sively more depleted in Rb and Th than in K and Ta, 
whereas the continental crust, on the average, is more 
highly enriched in Th and Rb than in K and Ta. 
Young N-type MOR basalts consequently have in- 
herited higher K/Rb and Ta/Th ratios from their 

source regions than did Archean basalts (Table 5, 
planetary values). There is furthermore considerable 
evidence that the lithosphere underneath the conti- 
nental crust is heterogeneous as the result of pro- 
cesses like underplating, metasomatic enrichment of 
excluded elements and interaction with magmas 
(Wass et al., 1980; Weaver and Tamey, 1981). 

Melting processes appear to have caused an upward 
concentration of Cs, Rb, Th, and U, and to a lesser 
degree, K, also within the continental crust. The REE 
distribution may not change with depth in the con- 
tinental crust. As a consequence the upper crust is 
expected, on the average, to have lower K/Rb, Th/U, 
(Ta/Th) and higher STSr/a6Sr ratios than has the lower 
crust (Heier, 1965; Lambert and Heier, 1968; Green 
et al., 1972; Carter et al., 1978; Tarney et al., 1980). 

The low K/Rb and high STSr/S6Sr initial ratios of 
some of the rocks coupled with highly variable vola- 
tile contents probably reflect contamination in the 
upper crust. The mixing trends of the Senstebyfla- 
kene and Dignes rocks may be modelled by contami- 
nating mantle-derived melts with amphibotite facies 
(B) Precambrian gneiss and Cambro-Silurian carbon- 
aceus (D) rocks, respectively (Fig. 4). Most affected 
by contamination are the samples HU-2 and 4, SgI-1, 
2, and 3. 

It is evident that in the Oslo rift, initial STSr/S6Sr 
ratios slightly below the 266 Ma planetary value coin- 
cide with a wide range in Sr concentrations and a 
moderate range in K/Rb ratios, including the sug- 
gested end-members A and C on the Dignes (DI) and 
Senstebyflakene (SO) mixing trends. However, it has 
been shown above that considerable trace element 
differences may be explained by different crystalliza- 
tion histories in the different intrusions. This is 
illustrated in Fig. 5. The trace element differences 
between the suggested end-members A and C may 
thus merely mean that mixing/contamination oc- 
curred at a more advanced stage of evolution at 
Dignes than at Senstebyflakene. A combination of 
contamination and fractional crystallization involving 
removal of plagioclase will, according to DePaolo's 
calculations (1981), give an evolutionary path which 
is indistinguishable from that of simple mixing. 

The starting points of the hypothetical evolution- 
ary paths in Fig. 5 (and similar ones estimated for 
other elements) indicate likely element concentra- 
tions in the mantle-derived primary magma(s) (P) 
involved in the formation of the Oslo rift gabbros. 
Its initial 87Sr/a6Sr value corresponds to that of the 



57 

end-members A and C in Fig. 4. Selected data on this 
primary magma is listed in Table 6. In terms of initial 
Sr ratio the primary magma is depleted, whereas its 
incompatible element concentrations and ratios fall 
between values characteristic of enriched mid-ocean 
ridge and ocean island basalts. The origin of the 
primary magma(s) is thus not obvious. However, the 
system of NW-SE-trending strike-slip faults accompa- 
nied by N-S-trending rifts and associated magmatic 
activity in the Northwest Europe in Upper Carbonif- 
erous-Permian time, may well have been initiated by 
late Hercynian movements (rotation of the Gond- 
wana plate relative to the Laurasia plate). (This prob- 
lem is discussed in some detail in a separate paper). 
It is therefore more likely that magmatism in the 
Oslo rift reflect melting associated with rupture of 
the lithosphere (melting of the lower lithosphere or 
admission of asthenospheric melts, i.e. a depleted 
source), than the activity of any underlying mantle 
plume. The apparent inconsistency between initial 
Sr isotope and incompatible element data may reflect 
the effect of processes like zone refining or con- 
tamination in the lower crust. 

Summary and conclusions 

(1) The small mafic intrusions in the Oslo rift con- 
sist of a variety of rock types ranging from pyroxenite 
and gabbro to monzonite and anorthosite, and com- 
prise both cumulates and rocks believed to represent 
melt compositions. The rocks formed from mildly 
silica-undersaturated to mildly silica-oversaturated 
melts with Mg-values ~< 0.66, strongly enriched in 
incompatible elements, and in light relative to heavy 
REE. 

(2) Rb-Sr isotope data define a whole rock age of 
265 ± 11 Ma for the Snaukollen and a mineral age of 
266 -+ 5 Ma for the Dignes intrusion. These ages imply 
that the mafic intrusions were emplaced at a rela- 
tively late stage of the rifting episode. 

(3) The rocks exhibit a variety of phenocryst/ 
cumulus crystal assemblages including ol + cpx; ol + 
cpx + plag; ol + plag. Ti-rich amphibole occasionally 
represents an early phase. 

(4) The implied differences in crystallization 
orders, and the compositional relations found to 
exist among the majority of the rocks are compatible 
with a two-stage crystallization history: An early 
stage at depth in the crust is dominated by removal 

of ol + cpx. The liquidus assemblage at the second 
stage, that is after ascent to the upper crust, is de- 
pendent on the extent of crystallization in the lower 
crust: low extent gives ol + cpx, high extent gives 
ol + plag. 

(5) Initial 87Sr/86Sr ratios (assuming an age of 266 
Ma) range from 0.70367 -+ 11 to 0.71083 -+ 9, imply- 
ing the influence of both mantle-derived and crustal 
components. 

(6) Estimated Sr initial ratio for the mantle- 
derived primary magma(s) involved in the formation 
of the gabbros is below the planetary value of 0.7042 
for early Permian time, whereas concentrations of 

incompatible elements are between those typical of 
magmas derived from depleted and enriched type 
sources. It is concluded that the primary magma(s) 
is derived from the lower lithosphere or astheno- 
sphere, but may have been somewhat enriched in in- 
compatible elements through zone refining or inter- 
action with the Rb-depleted lower crust. Magmatism 
in the Oslo rift thus appears to reflect melting of a 
depleted source rather than an underlying mantle 
plume. 

(7) The high 87Sr/86Sr initial ratios, low K/Rb 
ratios and low Sr concentrations of some of the rocks 
are compatible with in situ contamination of the 
mantle-derived magma(s) by amphibolite facies, Pre- 
cambrian gneisses and Cambro-Silurian carbonaceous 
rocks. Most affected are some of the samples from 
Husebykollen (H) and S~bnstebyflakene (SO). 

(8) The rocks have crystallized under different 
partial pressures with respect to CO2, and T - f o  2 con- 
ditions probably ranging from those defined by the 
QFM buffer to more oxidizing than the NNO buffer. 
The most oxidizing conditions are found for the 
most highly contaminated rocks, a fact which sug- 
gests that volatiles may have been induced in the 
crust. However, also chemical differences among the 
primary melts, reflecting melting of a heterogeneous 
mantle source, may exist. Such differences are diffi- 
cult to identify in rocks which have gone through 
complex and extensive post-melting processes, such 
as is the case with the Oslo rift gabbroic rocks. 
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