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Small bodies of metasomatized nepheline syenite occur as xenoliths in syenitic and granitic intrusions in the Mykle area, ca. 30 km 
N of the Larvik pluton in the Vestfold Graben of the late Paleozoic Qslo rift of SE Norway. The nepheline syenite has a 
metaluminous major element composition, and its primary igneous mineralogy is: alkali feldspar + nepheline + clinopyroxene + 
titanite + magnetite + apatite ± amphibole. The mafic silicate minerals have lower (Na + K)/AI than comparable minerals in other 
felsic intrusions in the Oslo Rift. Gamet (grossular-andradite), analcime, sodalite, thomsonite and gonnardite occur as interstitial 
minerals in the )east altered parts of the nepheline syenite. The xenoliths were metasomatized as a result of interaction between 
nepheline syenite and younger silica-saturated to oversaturated magrnas and their associated fluids. Early, pervasive metasomatism 
led to breakdown of nepheline, replacement of pyroxene by biotite ± garnet and crystallization of quartz. Recrystallization took 
place at solidus-near temperatures ( 700-725°C), and was controlled by an increase in silica activity and oxygen fugacity. 
Titanite + magnetite were replaced by rutile + quartz + hematite + calcite at a late stage of the metasomatic history, at oxygen 
fugacities above the HM buffer, and T < 450°C. The xenoliths indicate the former presence of larger bodies of nepheline syenite in 
an area where no such rocks were known previously. These intrusions were alm ost completely disgested by later intrusions. 

Tom Andersen, Mineralogisk-geologisk Museum, Sars gate /, N-0562 Oslo, Norway; Henning Sørensen, Geologisk lnstitut, 
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The late Paleozoic Oslo Rift in SE Norway is widely 
known for its series of alkali ne igneous rocks (e.g. 
Brøgger 1890; Barth 1 945; Dons & Larsen 1 978; Neu
mann 1 976, 1 980). At the present erosional level, felsic 
silica-saturated to oversaturated plutons are dominant in 
terms of outcrop area, ranging in composition from 
monzonite (larvikite) to alkali syenite (nordmarkite) and 
different types of granite (Oftedahl 1 978). Silica-under
saturated intrusive rocks were previously known mainly 
from the southernmost part of the Permian Oslo Rift of 
SE Norway, where rock types such as lardalite (plagio
foyaite), nepheline syenite ( foyaite) and different nephe
line-bearing pegmatites occur associated with larvikite in 
the Larvik complex ( Brøgger 1890, 1898; Raade 1 973; 
Oftedahl & Petersen 1 978)_ Outside this area, silica un
dersaturated intrusive roc�s are exceedingly rare. An 
intrusion at lake Gjerdingen in the northern part of the 
rift was indicated as nepheline syenite by Brøgger & 
Schetelig ( 1 9 1 7), but is really a larvikite which only 
locally contains nepheline ( Sæther 1 962). A minor unit of 
mildly silica undersaturated larvikite in the Sande 
cauldron does not contain free nepheline (Andersen 
1 984). 

In this paper we report the discovery of nepheline 
syenite in the Mykle area, about 30 km north of the 
Larvik complex. In this area, the nepheline syenite forms 
metasomatized xenoliths in nordmarkite and alkali gran
ite. We present whole-rock data (major and trace ele
ments, radiogenic isotopes) and mineral analyses from 
the newly discovered nepheline syenite, in order to evalu-

ate the petrogenetic relationship of the nepheline syenite 
to other igneous rocks in the Oslo Region, and to 
identify and, where possible, to quantify some of the 
metasomatic reactions which took place. It is also at
tempted to interpret the regional importance of this new 
discovery of nepheline syenite in the Oslo province and 
the genetic relations of these rocks_ 

Geological setting 

The Mykle area (M in Fig_ l ,  index map) is made up of 
a sequence of plutonic rocks. Detailed field studies since 
1987 by a group from Copenhagen University (Sørensen 
et al. , in prep.) have revealed a complicated intrusive 
his tory: 

( l ) Emplacement of several batches of larvikite (mon
zonite) magma. 

(2) Intrusion of rocks ranging from gabbro to syenite 
and nepheline syenite into the Larvikite. 

(3) emplacement of nordmarkite (weakly-peralkaline al
kali syenite) and alkali granite as sub-horizontal 
sheets. The granitic rocks are locally associated with 
intermediate rocks, forming net-veined complexes 
(Morogan & Sørensen 1 99 1 ). 

The area ( Fig. l a) is poorly exposed, but we have been 
able to locate two occurrences of partly metasomatized 
nepheline syenite, one at Lake Rauberen the other in the 
Romsdal valley ( Fig. l a). The distance between the two 
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Fig. /. Geology of the investigated area. (a) Geological map of the central part 
of the Mykle plutonic complex, simplified from a l :50,000 map (0. Larsen, pers. 
comm.). The filled stars show the two known occurrences of nepheline syenite: at 
lake Rauberen (Ra) and in the Romsdal valley (Ro). (b) Detailed map of the 
nepheline syenite occurrence at lake Rauberen. The boundaries are drawn to 
enclose syenitic as well as nepheline syenitic rock types, and may thus exaggerate 
the actual size of the nepheline syenite xenoliths. The double line is a forestry 
road. The ruled fields denoted W, M and E are the western, middle and eastern 
nepheline syenite xenoliths discussed in the text. The line through the W xenolith 
represents the profile shown in C. (c) Horizontal profile along the road through 
the westernmost body of nepheline syenite. Legend: i :  Alkali granite . ii: Syenite 
without nepheline pseudomorphs. iii: Altered nepheline syenite without fresh 
nepheline. iv: Nepheline syenite containing fresh nepheline. Overlapping signa
lures indicate gradual transitions between rock types. Index map: The major 
plutonic complexes ( shaded) and cauldrons ( ruled) of the Oslo Region. L: Larvik 
pluton ( larvikite, lardalite), S: Skrehelle-Siljan pluton (nordmarkite), M: Mykle 
pluton ( larvikite, nordmarkite, ekerite), E: Eikeren pluton (ekerite), D: Drammen 
pluton (biotite granite), F: Finnemarka pluton (biotite granite), N: Nordmarka
Hurdal complex (mainly nordmarkite). The arrow indicated the position of the 
area shown in a. 

localities is ca. 5 km. The nepheline syenite forms xeno
liths in nordmarkite and granite. A strongly altered 
nepheline syenite dyke, with marked mineralogical simi
larity to the xenoliths, intrudes larvikite dose to the 
Romsdal Iocality (L. Pedersen, in prep.), dating the em-
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placement of nepheline syenite to stage 2 of the intrusive 
history in the Mykle area. 

At Rauberen, three small bodies of metasomatically 
altered nepheline syenite occur within an area of ca. 
l 00 x 200 m ( Fig. l b). The easternmost nepheline syenite 
body (E) forms deeply weathered exposures along the 
shore of the lake. The middle nepheline syenite body ( M) 
occurs in a few scattered, badly weathered outcrops in the 
forest. The westernmost nepheline syenite body (W) is cut 
by a 40 m long roadcut ( Fig. l b, c), which allows the 
study of contact relationships and petrographic varieties. 

The nepheline syenite xenoliths at Lake Rauberen are 
surrounded and separated from each other by medium
to fine-grained alkali granite. The central parts of the W 
and E bodies are made up by a pale-grey rock, in which 
nepheline can still be recognized in hand specimen. This 
grades into a dull, reddish-grey rock lacking fresh nephe
line. At the southern end of the roadcut, altered nephe
line syenite is intermixed with a fine- to medium grained 
nordmarkite-like syenite, and is cut by cm-thick veins of 
miarolitic medium- to coarse-grained syenite, in places 
forming a network. At the northern end of the roadcut, 
the nepheline syenite is in contact with granite and 
fine-grained, quartz- and nepheline-free red syenite. This 
syenite is a remnant of another intrusion predating the 
alkali granite. Two dykes of aplitic granite with l -5 mm 
wide chilled margins cut the W body. A granite dyke, 
which cuts the syenite at the north end of the section, has 
no chilled margins. 

At the Romsdal locality, one large ( >20 m) and sev
eral small er ( l-l O m) nepheline syenite xenoliths are 
scattered in nordmarkite. Where the alteration is )east 
intense, the rock is identical to the least-altered nepheline 
syenite at the Rauberen locality. There is no field evi
dence of granite intrusions at the Romsdal locality. 

Petrography 

Nephe/ine syenite 

A petrographic description of the nepheline syenite is 
complicated by the fact that any hand specimen consists 
of domains of fresh and metasomatically altered rock. 
We classify samples as 'altered' or 'unaltered' from the 
relative abundance of the domains in hand specimens 
(Fig. le). From textural criteria it is possible to distin
guish between ( l ) earl y magma tie minerals, ( 2) late 
magmatic minerals, and (3) secondary (metasomatic) 
minerals (Table l ). In Table l ,  the presence or absence of 
nepheline and titanite are used as paragenetic indicators. 
The rationale behind this choice is discussed later. 

Unaltered nepheline syenite consists of l -3 mm subhedral 
laths of simply twinned alkali feldspar making up a 
framework and intersitial nepheline and mafic silicates. 
Although domains of clear feldspar can be found in most 
samples, most of the feldspar is clouded in thin section, 



252 T. Andersen & H. Sørensen 

Table l. Mineralogy of nepheline syenite enclaves in the Mykle pluton. 

Paragenetic setting 

Il Ill 
Indicator minerals + Ne + Ttn - Ne + Ttn -Ne - Ttn 

Ear/y magmatic minera/s 
Nepheline + 
Feldspar ( unexsolved) + l -
Clinopyroxene ( cpxl) + +l -
Apati te + + + 
Magnetite + + +l-
Titanite + + 

Late magmatic minera/s 
Perthite + + + 
Nepheline pseudomorphs + + 
Analcime + + 
Sodalite + 
Amphibole +l - +l-
Ti-Gamet +l -

Late magmatic or metasomatic minera/s 
Clinopyroxene ( cpxll) + +l-
Hydroandradite + + +l -
Bi o tite + +l-
Gonnardite + 
Thomsonite + 
Fluorite + + 
·nmenite' (lamellae) + + 
Epidote +l -

Metasomatic minerals 
Rutile + 
Calcite + + 
Hematite + 
'Allophane' + + 
White mica ('sericite') + 
Quartz in pseudomorphs -/? +l -
Quartz (miarolitic) +l -
Cheralite (?) (+) 

Paragenetic settings: Column l ( + Ne + Ttn): The minerals indicated by 
a + sign occur in textural equilibrium with unaltered nepheline and titanite. 
Column Il: The minerals indicated with + occur together with titanite and altered 
nepheline. The minerals which have + in column Ill are found in settings with 
altered nepheline and altered titanite. Some minerals are found in two or three of 
the paragenetic settings, others show different behaviour at different samples. The 
latter are indicated by the symbol + /-. Question marks indicate that the 
relationships are unclear, or the data insufficient. 

due to submicroscopic exsolution, and to the formation 
of submicroscopic alteration products ( sericite?). The 
feldspar may be completely exsolved, even in samples 
where nepheline is only weakly altered. Replacement of 
nepheline by aggregates of sericite, calcite and albite 
begins along grain boundaries and fractures. In samples 
from the central part of the roadcut at Lake Rauberen, 
this process has not proceeded very far, leaving the bulk 
of the nepheline in a fresh state. 

The most abundant mafic silicate mineral is a medium
to pale green, weakly pleochroic clinopyroxene ( cpxl) 
that occurs as subhedral prisms interstitial to the feid
spar, but commonly included in nepheline. At the Lake 
Rauberen locality, some pyroxenes are zoned, with rims 
showing a stronger green colour ( cpxll) than the cores. 
At the Romsdal locality, the pale green clinopyroxene 
( cpxl) is overgrown by grass-green, pleochroic clinopy
roxene ( cpxll). The co res and overgrowths are each 
internally homogeneous, and are separated by sharp 
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contacts ( Fig. 2). Amphibole as subhedral prismatic 
grains has pale green to olive green pleochroism and is 
abundant in same samples but absent from others. Cpxl 
mantled by amphibole occurs only at the Romsdal local
ity. Cpxl, Cpxll and amphibole all occur in contact with 
fresh nepheline. 

Titanite is an abundant minor mineral occurring as 
pale, euhedral crystals included in all major minerals 
except clinopyroxene, Other minor to accessory minerals 
are magnetite and apatite; most apatite crystals are 
zoned with 'dusty' core, rich in submicroscopic inclusions 
and with a clear rim. Most magnetite-grains appear 
homogeneous in reflected light, but show a few thin 
( l -5 11m) exsolution lamellae in backscattered electron 
images. No other Fe-Ti oxide phases have been found. 
In one of the samples (78 1 5 1 )  melanitic garnet occurs as 
a rare accessory, forming skeletal, dark reddish brown 
crystals which probably formed early in the crystalliza
tion sequence of the nepheline syenite. 

Some miarolitic cavities are filled by minerals which 
have crystallized after feldspar, nepheline and pyroxene. 
Pale yellow, weakly birefringent and complexly twinned 
andraditic garnet is the most abundant of these. Anal
eime, fluorite and, at the Romsdal locality, sodalite, are 
moderately abundant. Sample 77 1 58 from the E body 
contains two accessory zeolite minerals, one of which 
forms coarse fibres or lamellae, while the other forms 
aggregates of acicular crystals. 

Euhedral laths of dark green biotite are commonly 
associated with the birefringent garnet. Alteration of 
pyroxene to biotite has taken place along grain 
boundaries. In some interstices, pyroxene has been pseu
domorphosed by garnet + biotite. A colourless accessory 
mineral with Al: Si ca. l : l and that disintegrates during 

Fig. 2. Electron backscatter photomicrograph showing the zonation pattern in 
clinopyroxene in sample 92036 from Romsdal. The dark cores are pale green and 
Al-rich ( cpxl), the lighter overgrowths are richer in Na and Fe3 +, and are darker 
green and strongly pleochroic ( cpxll). Note the internat homogeneity of each of 
these zones, and the sharp boundary between them. Length of scale bar O.l mm. 
The white 'rims' around some fractures in the crystal are due to charge effects, 
and not related to mineral composition. 
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electron microprobe analysis is associated with the bire
fringent garnet. It gives analytical totals of only ca. 
70 wt% .  This mineral has not been positively identified, 
but its composition matches 'alophane' as (re)defined by 
Strunz ( 1970) .  

Altered nepheline syenite. - Where the metasomatic alter
ation has gone to completion, all of the feldspar is 
exsolved, and the nepheline is completely replaced by 
aggregates of sericite, calcite and albite. Analcime is still 
clear and unaltered. Titanite is present in most samples, 
but in the southern part of the W enclave, near the 
contact with syenite (e.g. sample 78152), it is replaced by 
pseudomorphs of rutile, calcite and quartz. In these 
samples, magnetite has been altered to hematite, and its 
exsolution lamellae are replaced by rutile. The clinopy
roxene is locally, and to a variable extent, altered to 
biotite, or to brownish, fine-grained aggregates of chlor
ite or serpentine and magnetite. In places, patches of 
clear, unaltered pyroxene remain. 

The altered nepheline syenite contains the same minor 
and accessory minerals as the unaltered rock. Melanite 
has not been observed, and the birefringent garnet is less 
abundant and in part resorbed; on the other hand, some 
of the altered samples are richer in interstitial fluorite 
than the unaltered nepheline syenite. The miarolitic cavi
ties are commonly lined with albite. Minor pale yellowish 
green epidote occurs in some samples (e.g. 86014). Sam
ple 76363 contains euhedral, brownish red crystals of 
Ca-REE phosphate as a rare accessory. 

Other rock types 

Granite and aplite dykes. - The alkali granite surround
ing the xenoliths is massive, medium- to coarse-grained 
with tabular perthitic alkali feldspar and interstitial 
quartz. Interstitial micrographic quartz-feldspar inter
growths locally contain up to 50% quartz. The alkali 
feldspar commonly has clear rims of albite. Aegirine and 
bluish-green amphibole are primary minerals in the gran
ite, they are generally replaced by chlorite, serpentine 
and oxide pseudomorphs. Magnetite, zircon and fluorite 
are accessory minerals. 

Aplitic granite veins consist of rounded grains of 
quartz and interstitial alkali feldspar, with sparse grains 
of iron ore and chlorite pseudomorphs after primary 
mafic silicate minerals .  Locally, quartz and alkali 
feldspar form micrographic intergrowths with around 
50% quartz. The chilled margins of the aplite-dykes 
intersecting the altered nepheline syenite are composed of 
quartz and cloudy alkali feldspar in almost equal 
amounts. In places, the aplite contains so much chlorite 
that green spots are seen in hand specimens. 

Nordmarkite. - The nordmarkite is a red, coarse-grained 
alkali syenite with a pronounced miarolitic texture, con
sisting of perthitic alkali feldspar, dark green and 
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strongly pleochroic pyroxene and minor quartz. Apa
tite, titanite and magnetite are other minor to accessory 
minerals. 

Syenite veins. - Some of the veins cutting the nepheline 
syenite are fine-grained and consist of tabular alkali 
feldspar (up to 2 mm long) and minor magnetite. Other 
veins are coarse-grained to pegmatitic with a miarolitic 
texture, and contain interstitial alkali pyroxene, apatite, 
titanite and albite. The pyroxene is strongly pleochroic 
from dark green to brown, and most grains are zoned to 
paler rims. The miarolitic cavities are lined by albite and 
contain co res of analcime and zoned crystals of andradite. 
Calcite occurs in some veins. Some larger (10-30 cm) 
pegmatitic nests consist of cloudy alkali feldspar rimmed 
by clear albite, and zoned alkali pyroxene intergrown with 
titanite. Some pyroxene is marginally altered to biotite. 

Red syenite. - The red syenite of the northern end of the 
roadcut is medium- to coarse-grained and is dominated 
by tabular grains of perthitic alkali feldspar up to l cm 
long, in some samples rimmed by albite. The texture is 
interlocking and in places miarolitic. The modal propor
tion of mafic minerals is low; amphibole and/or pyroxene 
crystals are nearly always altered to chlorite and opaque 
minerals. Greenish-brown biotite, opaque oxides, zoned 
zircon and fluorite are minor to accessory minerals .  
Quartz and nepheline (or its alteration products) have 
not been observed, while birefringent garnet occurs as an 
accessory, forming resorbed grains which may be 
xenocrysts from the nepheline syenite. 

Contact and transitionfeatures. - Sample 77155 was taken 
from a contact between altered nepheline syenite and an 
aplitic granite dyke in the Lake Rauberen roadcut. The 
quartz and alkali feldspar of the aplite are in contact with 
the alkali feldspar of the altered nepheline syenite, form
ing a kind of interlocking contact zone. Within ca. 5 mm 
of the contact, the nepheline syenite contains no fresh 
nepheline or recognizable pseudomorphs after nepheline, 
but some alkali feldspar grains contain cores rich in 
sericite inclusions, which may be the remains of nepheline 
replaced by alkali feldspar. Further away from the con
tact, nepheline is completely replaced by the usual sericite, 
albite and calcite pseudomorphs. The alkali feldspar in the 
nepheline syenite is cloudy and the clinopyroxene is 
altered into biotite, chlorite and pigmentary material. On 
the other hand, the accessory minerals titanite, apati te and 
magnetite are well preserved. 

The nepheline syenite shows similar alteration at con
tacts with syenite veins, but with sericite +al bite+ 
calcite pseudomorphs after nepheline right up to the 
contact and replacement of pyroxene by chlorite. In 
addition, titanite is replaced by rutile + calcite + quartz 
at the contact of some syenite veins (e.g. sample 78152). 
Adjacent to some of the syenite pegmatite blebs, the 
nepheline syenite contains vugs filled with analcime and 
sericite. 
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Mineral chemistry 

Analytica/ methods 

A fully automatic Cameca Camebax 3-spectrometer 
wavelength-dispersive electron microprobe at the Miner
alogical-Geological Museum, Oslo, was used for mineral 
analysis.  Standard operating conditions were 1 5  kV ac
celerating voltage and 20 nA beam current. Data were 
reduced on-line using a PAP-correction program run on 
a PDP l l /34 computer. Minerals, synthetic oxides and 
silicates were used as standards, and analysed as un
knowns at frequent intervals to control accuracy and 
precision. Fluorine was calibrated using a homogeneous 
fluorapatite standard. 

Some supplementary energy dispersive electron mi
croprobe analyses were carried out with a JEOL instru
ment at the Institute of Mineralogy, Copenhagen 
University (J .  Rønsbo, analyst) . 

Results 

Clinopyroxene. - Compared with pyroxenes from other 
Oslo Region nepheline syenites (e.g. Neumann 1 976), the 
pale green pyroxene ( cpxi) shows low Si02 ( 5: 5 1  wt% in 
most analyses; Table 2) and high Al2 03 ( 1 - 5 wt%). The 
sodium content is comparable to that reported in 
clinopyroxenes from other nepheline syenites, although 
significantly lower than some of the acmite-rich pyrox
enes from quartz syenitic and alkali granitic rocks in the 
Oslo Region (Neumann 1 976; Andersen 1 984) . Ti02 is 
variable, but exceeding 1 .0 wt% in some samples. 

The calculated ferric iron exceeds sodium on a cationic 
basis in most of the analyses, suggesting that the acmite 
component cannot account for all ferric iron present. 
Some may be accommodated by the CaFe3 + A1Si06-
component or Ferri-aluminium-Tschermak's 'molecule' 
(fats). This substitution mechanism is common in ig
neous pyroxenes (e.g. Deer et al. 1 978), but it is not 
significant in pyroxenes from any of the felsic intrusive 
rocks from the Oslo Region studied earlier. These typi
cally fall along a diopside (di) -acmite (acm) trend with 
only very moderate hedenbergite (hd) enrichment (Neu
mann 1 976; Andersen 1 984). In the present pyroxenes, 
high tetrahedral aluminium coupled with low octahedral 
aluminium suggests that fats substitution is important. 
Because of this, pyroxene compositions fall outside the 
di-hd-acm plane, and the traditional Mg-Fe

2
+ + Mn-Na 

diagram does not give a good representation of the 
pyroxene evolution. An alternative triangular diagram 
with Mg + Fe

2
+ + Mn, Fe3+ and Na as parameters is 

a ble to distinguish acm and fats trends, as shown in Fig. 
3. In this diagram, the di-hd-acm plane projects as a 
straight line joining the (Mg + Fe2 + + Mn) corner to the 
acm point, as shown by a broken line in Fig. 3. The 
pyroxene analyses trend from the di + hd-rich corner 
towards acm, with lower acm in the pale cores ( cpxi) 
than in ri ms or overgrowths ( cpxll) (Ta ble 2, Fig. 3). 
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Fig. 3. Pyroxene evolution in terms of the components ( Fe2 + + Mn +  Mg)
Fe3 + -Na. The positions of the components di + hd, fats, acm, and jd in this 
projection are shown. The lower row of triangles represents the Rauberen 
locality, the upper single triangle the Romsdal locality. Open symbols: nepheline 
syenite ( unaltered and altered). Filled symbols: syenite (76363) and pegmatite nest 
in altered nepheline syenite ( 860 1 5). In the uppermost triangle, o pen circles 
represent cpxll overgrowths. The larger symbols represent homogeneous grains, 
the smaller are point analyses of zoned grains, the trend of the zonation pattern 
goes towards higher acm from core to rim, as is also shown by arrows joining 
cores and rims of single crystals. 

The cpxi-type pyroxenes are displaced from the 
straight line from di + hd to acm towards the fats corner 
at low- to intermediate acm levels. In some cpxi grains, 
fats exceeds acm (Table 2). Differences in fats enrichment 
between individual samples are larger than the scatter 
due to analytical error (Fig. 3). Samples 77 1 58 and 78 1 5 1  
show the maximum fats enrichment ( > 5 mole%), and 
78 1 5 1  B the minimum ( ranging down to < l %) .  Since 
thin sections 78 1 5 1  and 78 1 5 1  B have been cut from a 
single hand specimen of unaltered nepheline syenite, the 
pyroxene chemistry appears to be variable on a small 
scale, and not to be related to the state of alteration of 
the rock. The cpxll-type rims or overgrowths in sample 
92036 from Romsdal plots close to the di-hd-acm 
plane. 

The dark green pyroxene in syenite and associated 
miarolitic veins ( samples 860 1 5  and 76363) falls dose to 
the di-hd-acm plane at higher acm than any of the 
clinopyroxenes from nepheline syenite (Fig. 3). These are 
thus similar to pyroxenes from ordinary nordmarkite 
(e .g.  Neumann 1 976) . 

Amphibole. - The amphibole in the nepheline syenite is 
homogeneous on thin section scale (Table 3) and distin
guished from amphiboles in other Oslo Region felsic 
intrusive rocks by low Si02 (39 wt%, compared to 
> 40 wt%; Neumann 1 976) and high Al2 03 ( > l O wt% ,  
compared to :<:;; l O  wt%; Neumann 1 976). According to 
Leake ( 1 978), it is magnesian hastingsite . Fluorine is 
moderately high (0.76 wt%) which corresponds to a cal
culated F JOH ratio of 0.24. 
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Table 2. Representative microprobe analyses of clinopyroxene in the Rauberen nepheline syenite. 

Sample 78 1 5 1 8  78 1 5 1 8  78 1 5 1 8  78 1 5 1 8  77 1 5 1  77 1 5 1  77 1 57 77 1 57 77 1 57 
type u u u u A A u u u 

cpxl cpxi cpxl cpxl cpxl cpxl cpxl cpxl cpxl 

Weight percent oxides 
Si02 49.63 5 1 .73 53.04 52.63 47.85 47.53 48.43 47.65 5 1 .85 
Ti02 0.66 0.07 O.o3 0. 1 1  1 .22 0.98 0.58 0.65 0. 1 1  
Al203 2.48 0.68 0.92 1 .02 4.4 1 3.52 2.88 3.80 1 . 1 8  
Fe203 5.96 8.83 14.79 1 5.62 6.21 8.67 9. 1 6  9.59 1 3 .73 
FeO 9.48 7.76 2.0 1 2.32 5.50 8.08 9.26 9. 1 3  3.30 
MnO 1 .06 1 .53 1 .77 1 .60 0.40 0.97 1 .36 1 .38 1 . 1 4  
MgO 8.29 7.58 7.56 6.86 1 0.27 7.03 5.97 5.60 7.85 
Ca O 22. 16  1 8.72 14.5 1 4.29 23.22 2 1 .68 2 1 .06 1 9.66 1 6.85 
Na20 1 .34 3.26 5.95 6. 1 6  0.94 1 .80 1 .88 2.56 4.76 

Sum 101 .07 100. 16  100.57 100.61 100.02 1 00.27 1 00.69 1 00.02 100.77 

Structura1 formu1ae based on 4.000 cations and 6.000 oxygens 
Si 1 .890 1 .976 1 .987 1 .978 1 .8 1 3  1 .833 1 .878 1 .850 1 .950 
Al( IV) 0. 1 1 0 0.024 0.0 1 3  0.022 0. 1 87 0. 1 60 0 . 1 22 0. 1 50 0.050 
A1( VI) 0.001 0.007 0.027 0.023 0.0 1 0  0.000 0.009 0.024 0.002 
Ti 0.0 1 9  0.002 0.00 1 0.003 O.o35 0.028 0.0 1 7  0.0 19  0.003 
Fe3 + 0. 1 7 1  0.254 0.4 1 7  0.442 0. 1 77 0.252 0.220 0.280 0.389 
Fe

2
+ 0.302 0.248 0.063 0.073 0. 1 74 0.261 0.347 0.296 0. 1 04 

Mn 0.034 0.050 0.056 0.05 1 0.0 1 3  0.032 0.045 0.045 0.036 
Mg 0.470 0.432 0.422 0.384 0.580 0.404 0.345 0.324 0.440 
Ca 0.904 0.766 0.582 0.575 0.942 0.896 0.875 0.8 1 8  0.679 
Na 0.099 0.241 0.432 0.449 0.069 0. 1 35 0. 14 1  0 . 1 93 0.347 

A cm 4.95 1 2.05 21 .60 22.45 3.45 6.75 7.05 9.65 1 7.35 
Fats 3.60 0.65 o o 5.40 5.85 3.95 4.35 2. 10  

Sam p le 77 1 58 77 1 58 771 58 860 1 5  860 1 5  92036 92036 92036 
type A A A p p u u u 

cpxl cpxl cpxii cpxl cpxl cpxii 
c ore rim co re rim co re co re rim 

Weight percent oxides 
Si02 48 .31  49. 1 7  49.38 52.03 52.49 48.69 49.01 49.55 
Ti02 1 .20 0.86 0.26 0.27 3 . 1 8  1 .05 1 .04 0.24 
A1203 3.70 3.23 1 .36 0.20 0. 1 7  3.80 3.56 1 .78 
Fe203 6.2 1 6.04 9.04 1 7.43 29.45 5.33 3.27 6.79 
FeO 6. 1 9  7.72 10.07 8.04 0.72 5.87 8.04 1 1 .3 1  
Mn O 0.61 0.94 1 .44 0.72 0.47 0.55 0.52 1 .37 
MgO 9.80 8.72 5.99 3.08 0.25 1 1 .06 10.35 6.24 
Ca O 23.04 20.97 1 9.93 1 1 .52 0.80 22.07 22. 1 3  19.60 
Na20 1 .09 1 .83 2.49 7.2 1 1 3.57 1 .02 0.90 2.27 

Sum 1 00. 1 5  99.57 99.95 1 00.49 1 0 1 .69 99.44 98.82 99. 1 6  

Structura1 formulae based o n  4.000 cations and 6.000 oxygens 
Si 1 .834 1 .833 1 .923 2.004 1 .975 1 . 847 1 .876 1 .938 
AI( IV) 0. 1 66 0. 1 77 0.062 0.000 0.007 0.1 53 0. 124 0.062 
Al( VI) 0.000 0.029 0.000 0.009 0.000 0.0 1 7  0.037 0.020 
Ti 0.034 O.Q25 0.008 0.008 0.090 0.030 0.030 0.007 
Fe' + 0. 1 78 0. 1 74 0.265 0.505 0.852 0. 1 52 0.094 0.200 
Fe

2
+ 0. 1 97 0.247 0.328 0.259 0.023 0. 1 86 0.257 0.370 

Mn 0.020 0.030 0.047 0.023 O.o t 5  O.o t 8  0.0 1 7  0.045 
Mg 0.555 0.498 0.348 0. 1 77 0.0 14 0.625 0.591 0.364 
Ca 0.937 0.861 0.83 1 0.476 0.032 0.897 0.908 0.821 
Na 0.080 0. 1 36 0. 1 88 0.538 0.990 O.Q75 0.067 0. 1 72 

A cm 4.00 6.80 9.40 26.90 49.50 3.75 3.35 8.60 
Fats 4.90 1 .90 3.85 o o 3.85 1 .35 1 .40 

Fe' + has been estimated on the basis of stoichiometric charge balance. Sample types: U: una1tered nepheline syenite, A: altered nepheline syenite, P: syenitic 
(nordmarkitic) pegmatite nest in altered nepheline syenite. Acm and Fats refer to percent contents of the respective components. 

Biotite. - Biotite (Table 3) has relatively high octahedral 
aluminium, corresponding to an intermediate member of 
a phlogopite-siderophyllite solid solution series. Micas 
from other Oslo Region felsic intrusions are phlogopite
annite solid solutions with Iittle octahedral aluminium 
(Czamanske & Wones 1973). The calculated F/OH ratio 
is less than O. l ,  which is low compared to amphibole 
and, especially, apatite. 

Garnet. - The birefringent garnet has a composttlon 
Ca3 ( Fe3+ ,Al)2 Si3_x012, where X amounts to 0.2-0.3 
cations (Table 4). This composition corresponds to inter
mediate members of the grossular-andradite series (with 
Xadr = 0.41 -0.85), which are frequently birefringent 
(Deer et al. 1 982) . The MgO content in the garnet is 
below the microprobe detection limit ( < O. l  wt% ), 
whereas MnO amounts to ca. l wt% .  The recalculated 
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Table 3. Representative compositions of volatile-bearing minerals. 

Sam p le 77158 860 1 4  92036 77 1 58 781 5 1 B  76369 78 1 5 I B• 771 58 771 58 781 5 1 B  

type A TR u A u A u A A u 

Mineral Am ph Am ph Am ph Bi Bi Epi An! a b Ap 

Weight percent oxides 
Si02 38.95 39.61  38.53 36. 1 1  37.82 37.91 53.75 36.76 37.91 0.64 

Ti02 1 . 54 1 .62 0.89 0.26 0.26 0.21 
Al203 1 1 .24 10.76 10.41 14.92 14.60 22. 14 23.80 29.39 29.20 
FeO 21 .00 20.40 23.67 2 1 .26 18 .54 1 3.57 0. 1 6  0.41 0.06 0. 1 2  

M n  O 1 .40 1 .42 1 .37 2. 1 0  1 .96 
MgO 7.41 7.64 5.76 9.67 1 1 .87 
Ca O 1 0.83 1 0.99 1 0. 1 5  0. 1 8  0.07 23.54 1 2.08 9.02 55.38 
Na20 3. 1 1  2.76 3 . 1 2  0. 1 6  0.07 0.02 1 3.93 3 .91  7.59 0. 1 9  
K20 1 .53 1 .6 1  1 .67 9.26 9.82 0.0 1 n.d 0.01 0.04 

P205 40.34 
F 0.76 n.a. n.a. 0. 1 9  0.58 3.88 
Cl 0.04 n.a. n.a. 0.07 0.07 0.38 
H20 1 .55 3 .64 3.55 
F = O  -0.32 - 0.08 -0.25 - 1 .63 
Cl = O  -0.01 -0.02 - 0.02 - 0.08 

Sum 99.02 96.82 95.54 97.72 98.95 97.38 9 1 . 64 83. 1 0  83.82 99.22 

Cation-based structural formulae 
Si 6.090 6. 192 6. 1 84 5.767 5.885 3.007 1 .974 5 . 1 03 5.241 0. 1 07 
Al 2.071 1 .982 1 .986 2.809 2.678 2.069 1 .030 4.897 4.759 
Ti 0. 1 8 1  0. 1 90 0. 107 0.03 1 0.030 0.0 1 3  
Fe2+ 2.746 2.667 3. 1 77 2.4 1 3  0.005 0.009 0.048 0.007 0.0 1 6  
Fe3 + 0.89 1 
Mn 0. 1 85 0. 1 88 0. 1 87 0.284 0.258 0.009 
Mg 1 .727 1 .780 1 .377 2.302 2.753 
Ca 1 . 8 1 4  1 .841 1 .746 0.03 1 0.0 1 2  2.000 1 .797 1 .336 9.939 
Na 0.943 0.837 0.972 0.050 0.021 0.003 0.992 1 .053 2.034 0.061 
K 0.305 0.321 0.335 1 .887 1 .949 0.001 0.002 0.007 
p 5.721 
F 0.376 0.096 0.287 2.063 
Cl 0.0 1 1 0.022 0.022 0. 1 08 
OH 1 .6 1 3  3.882 3.691 

Cations 1 6.06 16.00 1 6.05 1 6.00 1 6.00 4.00 8.00 12.90 1 3.84 1 5.84 
Charge 45.49 45.60 45.35 44.47 44.54 25.00 1 1 .99 40. 1 6  38.82 49.00 

Alv' 0. 1 6 1  0. 1 74 0. 1 52 0.576 0.563 

XF 0. 1 9  0.02 0.07 0.95 

Xa 0.01 0.01 0.0 1 0.05 

XoH 0.8 1 0.97 0.92 

The analyses are means of several microprobe analyses on each sample a =  Lamellar zeolite (thomsonite). b = Fibrous zeolite (gonnardite). Sample types: U: 
unaltered, A: altered, TR: transition into syenite. Basis for structural formulae: Amphibole: Si + Al + Ti + Fe + Mn + Mg = 1 3 .000 and F + Cl + OH = 2.000. Biotite: 
1 6.000 cations and F + Cl + OH = 4.000. Epidote = 4.000 cations. Analcime: 8.000 cations. Thomsonite (a), gonnardite (b) : Si + Al = 10.000. Apati te: 
Ca + Na = 1 0.000. •: Analyst: J. Rønsbo, Copenhagen. n.a.: Not analysed. n.d.: Not detected 

analyses show no ferrous iron. A Debye-Scherrer X-ray 
diffractogram of the garnet matches the pattern of syn
thetical hydrogrossular (Powder Diffraction File no. 31-
250), suggesting that the silica deficiency and the low 
total in some of the analyses are due to substitution of 
OH groups for Si04 tetrahedra. 

The brown garnet ( 78151) could only be analysed in 
un-polished fragments in a grain-mount. The analysis 
cited in Table 4 (final column) has therefore been recal
culated to 100 wt%.  On this basis, the cation distribution 
is that of an Al-poor melanite (e.g. Deer et al . 1982). 

Fe/dspar. - Meaningful analysis of feldspar is usually not 
possible because of subrnicroscopic exsolution. Appar
ently unexsolved feldspar in samples 77151 and 77157 
ranges from ab4-pr52an 1 to ab68or30an2• None of the 
feldspar analyses have CaO above 1.0 wt% .  

Nephe/ine. - Fresh nepheline shows a very constant 
composition close to ne74ks1 7qz9• The fine-grained alter
ation products replacing nepheline have considerably 
higher Si02 contents than the fresh nepheline. 

Zeo/ites. - The interstitial analcime from sample 78 151B 
has a near-stoichiometric composition (Table 3) . The 
two morphologically different zeolite minerals in 77158 
have closely similar Si02 and Al203 contents, with 
atomic Si/Al ratios of 1.04 in the lamellar phase ( a) and 
1.10 in the acicular phase (b),  and do not contain 
significant K. They have accordingly been recalculated to 
'thomosonite-type' structural formulae, with Al + Si = 
10.000. The main chemical difference between the two 
species is the Ca/Na ratio (1.71 in ( a) vs. 0.66 in ( b). 
Also, Ca + Na + K is lower in � (2.85) compared to .Q 
(3 .38). Species a is close to ideal thomsonite composition 
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Table 4. Representative point analyses of gamet from the Rauberen nepheline syenite. 

Sam p le 
type 

Si02 
Ti02 
Al203 
Fe203 
MnO 
MgO 
Ca O 
Na20 

Sum 

Si 
Al 
Ti 
Fe'+ 
Fe

2
+ 

Mn 
Mg 
Ca 
Na 

Charge 

adr 

grs 

prp + sps + alm 

77156 

u 
Birefringent garnets: 

34.94 

0.86 

11.26 

14.68 

1.02 

o 

35.77 

0.04 

98.57 

2.819 

1.071 

0.052 

0.891 

0.000 

0.070 

0.000 

3.092 

0.006 

23.70 

43.87 

52.70 

3.43 

77156 

u 

35.54 

0.04 

2.03 

27.76 

1.37 

o 

33.11 

0.01 

99.86 

77156 

u 
77157 

u 

Weight percent oxides 
36.06 35.52 

0.11 

8.63 

19.22 

2.78 

o 

33.07 

o 

99.87 

1.02 

9.76 

16.48 

1.99 

o 

33.99 

o 

98.76 

77157 

u 

33.61 

0.38 

12.51 

14.28 

0.85 

o 

35.71 

o 

97.34 

Structural formulae based on 8.000 cations and 12.000 oxygens 
2.977 2.927 2.891 2. 733 

0.200 

0.003 

1.750 

0.000 

0.097 

0.000 

2.971 

0.002 

23.91 

85.47 

9.79 

4.75 

0.826 

0.007 

1.174 

0.000 

0.191 

0.000 

2.876 

0.000 

23.87 

53.60 

37.68 

8.72 

0.936 

0.062 

1.009 

0.000 

0.137 

0.000 

2.964 

0.000 

23.85 

48.46 

44.95 

6.59 

1.199 

0.023 

0.874 

0.000 

0.059 

O.OPQ 
3.112 

0.000 

23.59 

41.00 

56.25 

2.75 

77156 

u 

34.27 

0.71 

11.36 

15.22 

1.45 

o 

35.40 

0.03 

98.44 

2.773 

1.083 

0.043 

0.927 

0.000 

0.099 

0.000 

3.069 

0.005 

23.64 

43.94 

51.35 

4.71 

78151 

u 
Melanite 

30.68 

3.72 

3.91 

26.49 

1.14 

0.08 

33.98 

o 

100.0 

2.625 

0.382 

0.232 

1.653 

0.000 

0.080 

0.010 

3.018 

0.000 

22.10 

17.86 

77.94 

4.20 

Melanite was analysed in an unpolished grain-mount and recalculated to 100.0 wt% oxides (analyst: J. Rønsbo, Copenhagen). Type: U indicates unaltered nepheline 
syenite. 

Table 5. Selected analyses of iron-titanium oxides. 

Sam p le 
type 

Mineral 

Ti02 
FeO 
Fe203 
MnO 

Sum 

Ti 
Fe

2
+ 

Fe'+ 
Mn 

Sum 

Fe304 
TiFe204 
MnFe204 

FeTi03 
MnTi03 
Fe203 

78151 

u 

Mag 
Point 

1.32 

30.43 

66.68 

1.90 

100.32 

O.o38 

0.976 

1.924 

0.062 

3.00 

0.90 

0.04 

0.06 

78151 

u 

Mag 
Point 

O.o3 

30.79 

69.13 

0.35 

100.31 

0.001 

0.990 

1.998 

0.011 

3.00 

0.99 

0.01 

77151 77151 

A A 

Mag Mag 
Point Point 

Weight percent oxides 
1.75 0.56 

31.79 30.56 

65.51 67.40 

1.40 0.75 

100.45 99.28 

Cation-based structural formulae 
0.051 0.016 

1.005 0.992 

1.899 

0.046 

3.00 

1.967 

O.Q25 

3.00 

Endmember components 
0.90 0.95 

0.05 0.02 
0.05 0.03 

77156 

u 

Mag 
Point 

0.17 

30.49 

68.14 

0.45 

99.24 

0.005 

0.990 

1.990 

0.015 

3.00 

0.97 

0.01 

0.02 

77156 

u 

Sean 

1.72 

30.79 

65.06 

1.54 

99.11 

0.050 

1.000 

1.900 

0.051 

3.00 

0.90 

0.05 

0.05 

77156 

u 

11m 
Lamell a 

25.53 

1.97 

52.53 

20.73 

100.76 

0.493 

0.042 

1.014 

0.451 

2.00 

0.04 

0.45 

0.51 

77156 

u 

11m 
Lame Ila 

7.53 

0.01 

85.97 

6.68 

100.19 

0.149 

0.000 

1.702 

0.149 

2.00 

0.15 

0.85 

Ferric iron has been calculated from stoichiometric charge balance, using the number of cations indicated. Sean represents the reconstructed composition of an 
exsolved titanomagnetite crystal, obtained by averaging several analyses in the raster mode. All other analyses are single point compositions (Mag: magnetite, lim: 
ilmenite�lamellae). Sample types: U: unaltered nepheline syenite, A: altered nepheline syenite. 
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(NaCa2[(Al,Si)s010h·6H20; species b has a cation distri
bution resembling gonnardite (Na2Ca[(Al,Si)5 010h· 
6H20), but with a slight Na + Ca excess. 

lron-titanium-manganese oxides. - The titanium and 
manganese contents of magnetite (Table 5) range from a 
maximum of 5 mol% each of the ulvospinel (usp: Fe2 
Ti04) and jacobsite (jac: MnFe204) components in re
constructed total grains to a minimum of less than l 
mole percent usp and 1-2 mol% jac in the magnetite
phase of exsolved grains. The exsolution lamellae in 
magnetite consist of a hematite-pyrophanite solid solu
tion with low calculated ferrous iron. The pyrophanite 
content varies from 15 to 50 mole percent within individ
ual samples. Low TiMn03 values may reflect a real 
compositional variation, or variable excitation of the 
magnetite matrix surrounding thin lamellae with ca. 
50 mol% TiMn03. 

Apatite. - The apatite has low Si, Na and Cl (Table 3). 
REE have not been analysed, but are unlikely to be high, 
given the high CaO (55.38 wt%) and the total of 
99.22 wt%. The fluorine content is anomalously high 
(3.88 wt%), corresponding to F- above the stoichiomet
ric value. The excess fluorine prohibits the use of apatite
biotite equilibria to determine the crystallization 
temperature or the corresponding HF fugacity (e.g. 
Munoz 1985; Andersen and Austrheim 199 1). 

Whole rock geochemistry 

Because of weathering, few samples are suitable for 
chemical analysis. Table 6 presents chemical analyses of 
four samples from the roadcut (Fig. le), one of unaltered 
(78151), two of weakly altered (86013, 86016) nepheline 
syenite and one (86014) of strongly metasomatically 
altered syenite, without fresh nepheline, but with quartz 
in miarolitic cavities. No. 92050 is fresh nepheline syenite 
from Romsdal, No. 8 1808 is from a nepheline syenite 
dyke cutting larvikite at Romsdal. 

Unaltered nepheline syenite 

The Si02 con tent (ca. 55 wt%), peralkalinity index 
(molecu1ar (Na + K)/Al = 0.76 to 0.89) and differentia
tion index (76 to 79) of the unaltered nepheline syenite 
xenoliths (the weakly altered samples 86013 and 86016 
included) fall within the range of lardalites from the 
Larvik pluton, but below the corresponding values in 
any of the nepheline syenites studied by Neumann 
( 1980). Normative ne is significantly lower than in lard
alite ( 11-14%, vs 20-25%), and an is higher (7.6-13.5% 
vs 3.5-4.7%; Neumann 1980). The compositions plot 
within the alkali feldspar liquidus field in the NaA1Si04-
KA1Si04 -Si02 diagram at both l bar and l kbar water 
pressure (Hamilton & McKenzie 1965). The major ele
ment composition of the Romsdal nepheline syenite xeno-
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lith is practically identical to that of the Rauberen occur
rences, with the exception of the oxidation state of iron, 
ferrous iron dominating at Romsdal. This is prob
ably caused by the presence of amphibole at Romsdal. 

The trace element distribution of the nepheline syenite 
is illustrated in Fig. 4 and 5, and compared with the 
variation ranges of larvikite and nepheline bearing rocks 
from the Larvik plutonic complex (Neumann 1980; Neu
mann et al. 1988). The distribution patterns of lithophile 
trace elements of the nepheline syenite fall within the 
range of silica-undersaturated rocks from the Larvik 
pluton, and generally mimic the shape of patterns from 
this pluton (Fig. 4). The exceptions are the elements Sr, 
Ba, Rb, Li and Cs, which all are relatively renriched in 
the Mykle nepheline syenite. The elevated Li-content 
( > 200 ppm) is an especially pronounced geochemical 
anomaly of the unaltered nepheline syenite. Such high 
concentrations are extremely rare in igneous rocks, and 
restricted to Li-enriched granites and agpaitic nepheline 
syenites (Heier & Adams 1964; Bailey et al. 198 1). Cs 
contents of 14 to 37 ppm are far higher than the maxi
mum concentration of 2.8 ppm in the Larvik comp1ex 
reported by Neumann ( 1980). The REE distribution 
pattern of the nepheline syenite has a moderately steep, 
LREE-enriched slope and a weak positive Eu anomaly, 
falling fully within the range of the nepheline-bearing 
rocks from the Larvik pluton (Fig. 5). 

The dyke from Romsdal has 6% normative ne, its 
differentiation index (68) and peralkalinity index (0.72) 
are 1ower, and its normative an higher than the nephe1ine 
syenite. The Rb, Pb, Th, Zr and Nb concentrations are 
significantly lower in the Romsdal dyke than in the 
xenoliths, and its Sr and Ba contents are higher. The 
composition of the Romsdal dyke suggests that it may be 
related to the xenoliths, but that it represents a less 
evolved, si1ica-undersaturated magma. 

Altered nepheline syenite 

The strong1y altered nepheline syenite (sample 86014) is 
distinguished mainly by higher Si02 and lower Al203 
and K20 than the unaltered rock, giving higher DI and 
lower normative ne and an at a similar (Na + K) /Sl ratio 
(Table 6). The presence of secondary quartz in miarolitic 
cavities suggests that silica has been selectively intro
duced during alteration. The trace element pattern of the 
altered rock differs from the unaltered nepheline syenite 
by marginally higher Th and Tb and lower Li, Rb, Cs, 
Ba and Pb. For Li and Cs, the difference amounts to an 
order of magnitude, and the concentrations of these 
elements fall well within the range of ordinary igneous 
rocks (Heier & Adams 1964; Heier & Billings 1970). 

Radiogenic isotope data 

The isotopic composition of Sr, Nd and Pb and the 
corresponding epsilon parameters for three samples of 
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Table 6. Whole-rock major and trace element compositions. 

Si02 

Ti02 

Al203 
Fe203 
FeO 

MnO 

MgO 

Ca O 

Na20 

K20 

P20s 
LO l 

Sum 

or 

ab 

an 

ne 

di 

hy 

o l 

mt 

il 

ht 

ap 

(Na + K)/AI 

O.l. 

Li 

Be 

Rb 

Ba 

Pb 

Sr 

La 

Ce 

Nd 

Sm 

Eu 

Tb 

Yb 

L u 

y 
Tn 

Zr 

Nb 

Zn 

C u 

Ni 

Se 

V 

Cr 

Ga 

Cs 

Hf 

Ta 

u 

n.a. 

n.a. 

213 

2440 

200 

1670 

124 

202 

68 

39 

25 

561 

198 

182 

17 

4 

3 

28 

3 

21 

78151 

u 

55.10 

0.55 

20.16 

2.43 

1.48 

0.19 

0.68 

3.50 

7.35 

4.87 

0.17 

2.62 

99.10 

28.78 

36.55 

73.63 

13.89 

3.95 

3.52 

1.04 

0.04 

0.89 

79.82 

INAA 

200 

2350 

1570 

139 

207 

77 

9.7 

3.3 

1.2 

2.8 

0.5 

27 

16 

2 

2 

19 

9 

10 

9 

204 

9 

233 

2510 

166 

1920 

137 

226 

75 

39 

31 

558 

201 

200 

lO 

5 

l 

30 

6 

22 

86016 

A 

86013 

A 

Major element composition, weight percent oxides 

86014 

TR 

55.05 55.51 60.97 

0.57 

19.93 

2.62 

1.34 

0.20 

0.85 

3.75 

7.05 

4.49 

0.17 

2.90 

98.92 

26.53 

38.48 

9.48 

11.53 

4.57 

3.32 

1.08 

0.34 
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Methods: Major elements except FeO: XRF, FeO: titration (Greenland Geological Survey, Copenhagen) Trace elements: Left column: XRF (Dept. of Geology, 

Copenhagen University), except for Li, Be, B: atomic absorption spectrometry (R. Gwozdz, Copenhagen). Right column: instrumental neutron activation analysis and 

delayed neutrons (U) (R. Gwozdz) n.a.: Not analysed. Rock types: V: Unaltered nepheline syenite, A: Altered nepheline syenite, TR: Transitional into syenite, i.e. 

strongly altered nepheline syenite, with quartz in miarolitic cavities, D: Nepheline syenite dyke, Romsdal. 
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Fig. 4. Trace element geochemistry of the Rauberen nepheline syenite, data from Table l. 'Spidergram' showing lithophile elements (in sequence of decreasing 

incompatibility from left to right) normalized to primitive mantle values (Wood 1979). The shaded field represents the range of variation in larvikite, and the dotted 

outline the range of nepheline-bearing rocks from the Larvik-Lardal plutonic complex (Neumann 1980). 
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Fig. 5. Rare earth distribution diagram for the Rauberen nepheline syenite, normalized to the recommended chondrite values of Boynton ( 1984). Symbols and fields 
as in Fig. 4. 

nepheline syenite from Lake Rauberen are given in Table 
7. Because the intrusive age of the nepheline syenite may 
be assumed to fall between the age of the Skrim Iarvikite 
at 278 Ma and the Siljan nordmarkite at 271 Ma (Sund
voll et al. 1990), we have chosen to calcu1ate the epsi1on 
va1ues at an assumed age of 275 Ma. The Mykle nephe
line syenite plots within the range of the Oslo Region 
rocks in the 207Pbj204Pb vs 206Pbj204Pb and 208Pb'204Pb vs 
206Pbj204Pb diagrams (Fig. 6), but within the !east radio
genic end of the trend of Neumann et al. ( 1988). The Es. 
and ENd values of the nepheline syenite each individually 
overlaps with the range of variation of other Oslo Re
gion plutonic rocks (Neumann et al. 1988, 1990b), but in 
the E8.-ENd diagram, the analyses plot slightly below the 
overall trend of intermediate rocks (Fig. 7), which may 
suggest a source with slightly less depleted Nd-isotopic 
signature than the source of the majority of intermediate 
rocks. The nepheline syenite differs clearly from felsic, 

Tab/e 7. Radiogenic isotope data. 

86013 86016 86014 

206Pb/
204Pb 19.173 19.272 19.072 

> o7Pb/204Pb 15.686 15.594 15.584 
>osPb/>04pb 38.590 38.470 38.281 

Rb, ppm 223 179 239 

Sr, ppm 1324 1415 1977 
87Rb/86Sr 0.4899 0.3663 0.3510 
87Sr/86Sr 0.705886 0.705289 0.705633 

2 f1 0.000020 0.000020 0.000020 

(87Sr/8"Sr)mMa 0.703969 0.703855 0.70426 
l 27SMa 

s, -3.01 -4.62 1.12 

Sm, ppm 11.1 13.2 10.8 

Nd, ppm 77.3 86.8 77.9 
147Sm/144Nd 0.087231 0.092722 0.084167 
143Nd/'44 Nd 0.512421 0.512464 0.512423 
2 f1 0.000010 0.000010 0.000010 27S Ma 
ENd -0.39 -0.26 -0.24 

Rb, Sr, Sm and Nd concentrations were determined by isotope dilution 
analysis. Nd isotopic. compositions are normalized to 146Nd/144Nd = 0.7219. 

CHUR and UR parameters as recommended by Faure (1986). 
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Fig. 6. Ph isotopic systematics of the Mykle nepheline syenite. The shaded fields 

are the ranges of present-day isotopic composition of igneous rocks from the Oslo 

region (Neumann et al. 1988). 
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Fig. 7. Sr and Nd isotopic systematics of the Mykle nepheline syenite. The inset 
shows the range of variation of igneous rocks from the Oslo region (Neumann et 

al. 1988, 1990b; Sundvoll et al. 1990). 

silica-oversaturated intrusions in the Olso Region, which 
have high, posive Lsr values (Fig. 7, inset), due to con
tamination with old, crustal material (Rasmussen et al. 
1988). The altered sample (No. 86014) shows slightly 
more radiogenic initial Sr, but has Pb isotope ratios and 
ENd indistinguishable from the other two samples. 
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Crystallization history 
The nepheline syenite xenoliths must have been derived 
from an early intrusive phase in the Mykle area, which 
has been engu1fed by later nordmarkite and granite. The 
intensity of alteration increases from the centre of the 
xenoliths towards the enclosing rocks, showing that 
metasomatism was related to the emplacement of the 
younger intrusions, and not to some more recent hy
drothermal alteration process. The present mineralogy of 
the nepheline syenite is therefore the result of crystalliza
tion processes of a silica-undersaturated magma, over
printed by contact metasomatism. 

The abundance of miarolitic veins and pegmatitic nests 
in the altered parts of the nepheline syenite indicates the 
presence of a volatile-saturated melt. There is ample 
evidence from fluid inclusions that aqueous fluids were 
present during the near-solidus stages of crystallization 
of the granitic and syenitic plutons in the Oslo Region 
(Olsen & Grifl.in 1984; Hansteen 1988; Hansteen & 
Burke 1990; Neumann et al. 1990a; Andersen 1990). At 
the Rauberen 1oca1ity, both syenitic and granitic magmas 
may have acted as sources of fluid, whereas the absence 
of granitic rocks from the Romsdal locality suggests that 
the fluid there was derived from nordmarkite. 

The primary magmatic history 

The only relics of unmodified liquidus minerals in the 
nepheline syenite are the domains consisting of clear 
feldspar and fresh nepheline. These domains contain 
zoned cpxl-type pyroxene, apatite, titanite and mag
netite, which must also belong to the liquidus mineralogy 
of the rock. The brown, melanitic gamet may have 
formed at this stage of crystallization. The pyroxene 
within the primary domains is indistinguishable from 
pyroxene set within altered nepheline and cloudy feldspar 
in terms of composition and zonation pattem. We there
fore interpret the high fats pyroxene trend towards mod
erate acmite enrichment (Fig. 3) as a primary feature of 
the nepheline syenite. 

Exsolution of alkali feldspar is probably a late mag
matic phenomenon unrelated to the breakdown of 
nepheline, although the presence of aqueous fl.uids may 
have enhanced the process (Parsons 1978). Analcime and 
sodalite in the nepheline syenite do not stand in any 
reaction relationship to other minerals, which suggests 
that they have formed from an interstitial silicate liquid 
or aqueous fluid. 

The interstitial, birefringent gamet has a more am
biguous textural position. Although forming interstitial 
fillings like the analcime, there is ample textural evidence 
that it has replaced pyroxene. This suggests that it is of 
late magmatic origin, but that it has remained stable 
during a part of the metasomatic history. However, 
gamet is resorbed in the completely altered nepheline 
syenite (77158), indicating that it does not belong to the 
final reaction products in rocks which have been com
pletely altered by metasomatic fluids. 
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The metasomatic history 

Three different metasomatic mineral assemblages over
printing the primary paragenesis of the nepheline syenite 
can be recognized: 

(l) The formation of the cpxll overgrowths on cpxi at 
the Romsdal locality represents growth of a new pyrox
ene with a composition doser to the other alkaline rocks 
of the Oslo region (Fig. 8). Although the textural rela
tionships at the Rauberen locality are less clear-cut, the 
pyroxenes there show a similar, although scattered, trend 
towards the pyroxene compositions of the crosscutting, 
miarolitic syenite veins (Fig. 8). At the Romsdal locality, 
there is also evidence of amphibole replacing pyroxene. 
Similar amphibole occurs at the Rauberen locality, but 
without such clear relationships to the pyroxene. Since 
both growth of cpxll and formation of amphibole are 
well developed at the Romsdal locality, and hetter pre
served there than at lake Rauberen, both phenomena 
must be related to fluids emanating from a nordmarkitic 
magma. Nepheline appears to have been stable at this 
stage. 

(2) After the growth of cpxll and amphibole, nephe
line was replaced by sericite + albite + calcite pseudo
morphs, and clinopyroxene by garnet + biotite, whereas 
titanite remained stable ( column Il in Ta ble l). At the 
intrusive contact of aplitic granite at Lake Rauberen, 
nepheline was replaced by alkali feldspar. The replace
ment of nepheline by more silicic alteration products, 
and the presence of quartz in miarolitic cavities in the 
altered rock indicate introduction of silica. The abun
dance of interstitial fluorite suggests introduction of 
fluorine-rich fluids to the nepheline syenite. 

In the Rauberen xenoliths, fluids derived from granite 
are the most likely metasomatic agents at this stage. At 
the Romsdal locality, granite-related fluids are unlikely 
to be present, and the metasomatic alteration is less 
pervasive. However, many nordmarkite intrusions reach 
quartz saturation near their solidus (Neumann 1976; 

Mg• Fe •Hn 

~ 

FATS 
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� n·· .... l·.·. 
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Fig. 8. Pyroxene and amphibole analyses projected onto the Al-(Na + K)

(Mg +Fe+ Mn) plane. The analyses from Romsdal have been separated into 

cpxl shown as dots {pale clinopyroxene, cores) and cpx!I shown as circles 

(strongly green and pleochroic, overgrowths)o Amphibole analyses are plotted as 

triangles. The shaded field corresponds to the overall range of compositional 

variation of clinopyroxene from 'normal' Oslo Region felsic intrusions (Neumann 
1976; Andersen 1984). In the Rauberen diagram, black dots refer to analyses of 

pale green pyroxene in preserved parts of the nepheline syenite, whereas the 
rhombs are dark green pleochroic pyroxenes from syenitic veins. 
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Andersen 1984), suggesting that both granite and nord
markite magmas may be the source of silica-rich fluids. 

(3) In the last stages of metasomatism, both nepheline 
and titanite were unstable ( column Ill in Ta ble l). This 
process has local influence at the Rauberen locality, and 
has caused rutile, quartz and hematite to form at the 
expense of titanite and magnetite. 

Controlling parameters of metasomatism 

Pressure and temperature. - The intrusive rocks at Mykle 
were emplaced at a shallow crustal leve!. Both geological 
arguments (Andersen 1984) and fluid inclusion data 
(Hansteen 1988; Andersen 1990) from other intrusions in 
the Oslo rift suggest crystallization at pressures in the 
range 0.5 to 1.0 kbar. We have accordingly assumed a 
pressure of l kbar for the following calculations. 

The volume of granitic and syenitic rocks cropping out 
in the Rauberen area exceeds that of preserved nepheline 
syenite by several orders of magnitude (Fig. la). It is 
reasonable to assume that the temperature of the nephe
line syenite after emplacement of later magmas was 
controlled by this large thermal reservoir. From high
temperature microthermometry on melt inclusions, Hans
teen & Lustenhouwer ( 1990) suggested that the solid us 
of peralkaline granite magmas in the Oslo Region was 
685-705°C. From analogy with experimental systems, 
Andersen ( 1984) estimated a solidus temperature of 
720-740°C for nordmarkite magma. 

Oxygen fugacity and silica activity. - The oxygen fugac
ity-silica activity evolution at the late-magmatic and 
metasomatic stages of evolution in the nepheline syenite 
can be constrained from mineral equilibria. In silica
oversaturated systems, the mineral assemblage mag
netite + titanite + quartz is characteristic of oxygen 
fugacity above the limiting univariant reaction: 

3 Titanite + 2 Magnetite + 3 Quartz 

= 3 Hedenbergite + 3 Illmenite + 02, (l) 
which was discussed by Wones (1989). In a quartz-free 
system, univariant oxygen-buffering reactions involving 
silica as a reactant become divariant, with the silica 
activity as an additional variable (e.g. the QFM 'buffer' 
in nepheline syenite; Larsen 1976). The magnetite + 
titanite assemblage in a silica-undersaturated system is 
limited by the reaction (terms in square brackets refer to 
components in the fluid phase): 

3 CaTiSi05 + 2 Fe304 + 3 [Si02] 

(2) 

The stability field of titanite + magnetite + pyroxene is 
limited towards high oxygen fugacity by the breakdown 
of pyroxene to garnet: 

9 CaFeSi206 + 2 [02] 

(3) 
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This reaction is most likely responsible for the replace
ment of clinopyroxene by late magmatic or early meta
somatic garnet. 

In a system where the silica activity is controlled by 
another buffer equilibrium, reaction (3) is itself a poten
tial oxygen buffer, whose trend in the T -log f02 plane is 
subparallel to the HM and QFM buffer curves; its actual 
oxygen fugacity level depends on the silica activity. In 
Fig. 9, this is illustrated by drawing univariant curves for 
systems saturated in quartz (3) and nepheline (3'), re
spectively. 

The silica activity of a nepheline syenite is controlled 
by the equilibrium: 

(4) 

which is the nepheline-albite silica buffer ( Carmichael et 
al. 1974). The silica activity of a quartz-saturated system 
is given by the quartz-dissolved silica buffer: 

[Si02] = Quartz (5) 

Reactions (l) to ( 5) define a petrogenetic grid in T -
log f02 -log asioz coordinates. In Fig. 9, reactions (l) to 
( 5) are shown together with relevant oxygen buffers. 

Fig. 9. Metasomatic T-f02- history of the nepheline syenite xenoliths. Mineral 

equilibria defined in the text are identified by numbers. Curves identified by 

'dashed' numbers (e.g. 2') ref er to mineral reactions in the presence of al

bite + nepheline, the other curves correspond to quartz-bearing systems. The 
heavy arrow represents the inferred cooling path of the system, from the 
late-magmatic stage (l), through main metasomatic event (Il), with titanite as a 
stable phase, to the late, low temperature stage (Ill), where titanite is replaced by 
calcite, rutile and quartz. Reactions l , 2 (2') and 3 (3') were calculated assuming 
a garnet composition with adr 50 and clinopyroxene with hdur Reaction 6 has 
been calculated assuming the presence of a pure C02-ftuid phase, and is thus a 
maximum limit for the stability field of rutile + calcite + quartz. The dotted area 
is the stability field of garnet (adr 50) and magnetite in silica-saturated and 
silica-undersaturated systems. Because of the silica activity effect of the oxygen 

fugacity of the QFM equilibrium (inset), reaction 2' remains stable even where it 

falls below the quartz saturated QFM buffer shown. lnset: A schematic log f02 vs 
log a5;02 section at T ;,>: 700°C, comparing mineral equilibria in quartz-bearing 

and silica-saturated to silica-undersaturated systems. It should be noted that the 

quartz-magnetite-fayalite buffer, as well as reactions 2 and 3 defined in the text, 
become divariant in systems not saturated in quartz. I and Il refer to the starting 

point and earl y metasomatic T -log f02-path o( the nepheline syenite, as shown in 
the main part of the figure. The broken arrow represents a metasomatic increase 

in silica activity at constant (or internally buffered) oxygen fugacity levet. This 
would lead to the successive destabilization of garnet and titanite, and is therefore 

not possible during the earl y part of the metasomatic history. Sources of data: l, 

2 (2'): Wones (1989), 3 (3'), 4, 5: Helgeson et al. ( 1978), 6: Berrnan ( 1988). 
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Reactions ( l) to (5) have been calculated from represen
tative mineral compositions (Tables 2 and 4), using ideal, 
multi-site rnixing models for pyroxene and garnet (Wood 
& Fraser 1977); sources of thermodynamic data are 
given in the figure caption. 

At ca. 700°C the near-solidus mineral assemblage of 
the nepheline syenite (nepheline + albite + cpxl + 
garnet+ magnetite + titanite) corresponds to a point (l) 
on the nepheline-saturated univariant reaction curve 3' in 
Fig. 9. The growth of cpxll and amphibole must have 
taken place at comparable conditions. The subsequent 
breakdown of nepheline requires an increase in silica 
activity. However, simply increasing the silica activity, 
either at constant temperature (Fig. 9, broken arrow in 
inset) or during cooling with internally buffered oxygen 
fugacity, would shift the position of reaction (3') towards 
higher f02 levels, with the quartz-saturated univariant 
equilibrium curve ( 3) as the limit. This leads to the 
destabilization of garnet and the formation of pyroxene 
by reaction (3), which is the opposite of what is actually 
seen in the samples. An even larger silica activity increase 
at constant relative f02 level would destabilize titanite by 
reaction ( 2). The mineral reactions seen in our samples 
of metasomatized nepheline syenite thus require an in
crease in silica activity and a concurrent increase in 
oxygen fugacity. 

The low-temperature stability limit of titanite in the 
present rocks is given by the reaction 

( 6) 

which has led to pseudomorphic replacement of titanite 
by rutile, calcite and quartz during the last stage of 
metasomatic alteration. This reaction is located at temper
atures lower than 450°C in the presence of a pure co2 
fluid phase, and at even lower temperatures if the fluid is 
not pure C02 (Hunt & Kerrick 1977; Berman 1988). 
Hematite has replaced magnetite at this stage, indicating 
that the HM buffer was penetrated during the later part 
of the cooling history (Field Ill in Fig. 9). This suggests 
incursions of oxidizing fluids of external origin at this late 
stage, or simply that internal buffering by mineral equi
libria had become inefficient at such low temperatures. 

Discussion 

Regional signifi.cance 

The nepheline syenites described here are among the first 
examples of silica undersaturated intrusive rocks in the 
Oslo Region outside the Larvik complex or its immediate 
surroundings. They make up an insignificant volume 
when compared to the syenitic and granitic rocks, but 
they pro babl y represent remains of larger nepheline syen
ite bodies which have been engulfed by later intrusions. 

The mineralogy of the end-product of metasomatic 
alteration of the nepheline syenite xenoliths is a rock 
consisting of Ab + Kfs + Ttn + Mag, with biotite ± 
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amphibole as its most characteristic mafic silicate miner
als. Such a rock is dassified as syenite. In the Oslo 
Region, syenites are widespread (Barth 1945; Saether 
1962; Raade 1973). Most of these however, are, undis
puted primary intrusive rocks, with a characteristic peral
kaline mafic mineralogy (Neumann 1976; Andersen 
1984). Some alkali syenites do, however, occur as xeno
liths in granitic rocks (e.g. Hansteen 1988), and have a 
mineralogy similar to the altered samples studied here. 
Although we do not want to overgeneralize, our findings 
suggest that the importance of syn-intrusive metasoma
tism for the composition and mineralogy of quartz-free 
or quartz-poor xenoliths in granitic plutons should not 
be ruled out. 

In several other composite plutons in the Oslo Region, 
the oxygen fugacity has increased from early to late 
intrusive phases, whether or not these are genetically 
related (Czamanske & Wones 1973; Neumann 1976; 
Andersen 1984). Our data suggest that this also applies 
to the rocks in the Mykle area, with the nepheline syenite 
representing a more reduced trend than later, Si02 richer 
magma pulses. 

In the intrusive history of the Oslo rift, nepheline 
syenite and other silica-undersaturated rocks belong to 
an older group of intrusions, together with larvikite. 
Y o unger plutonic rocks show a tendency towards in
creasing over-saturation in silica (Barth 1945; Oftedahl 
1978). Field observations in the Mykle area show that 
larvikite is indeed cut by the syenitic and alkali granitic 
intrusive members (Copenhagen University Field Group, 
unpublished results). The Romsdal dyke dates the em
placement of the nepheline syenite to later than Iarvikite 
but earlier than nordmarkite emplacement. The Oslo 
Region nepheline syenites, which have been studied ear
lier, all show a distinct peralkaline affinity, expressed by 
a peralkalinity index dose to or slightly above 1.0 (Neu
mann 1976), The whole-rock composition of such rocks 
is reftected in aluminium-poor pyroxenes on a trend 
within the di-hd-acm plane (Figs. 3, 8). The low peralka
linity index of the xenoliths of the Mykle area (0.85-
0.89) suggests that they crystallized from a metaluminous 
magma. 

The whole-rock major element composition of the 
nepheline syenite resembles lardalite from the Larvik 
complex (Neumann 1980). However, the two rock types 
differ in several important parameters: lardalite contains 
olivine and ilmenite, it has higher normative nepheline 
con tent ( > 20%) and fewer aluminous mafic silicate min
erals than the nepheline syenite, and it is typically coarse
grained (Neumann 1976, 1980). 

Provenance of the nepheline syenite magma 

The trace-alkali geochemistry of the nepheline syenite is 
strikingly anomalous, with extremely high Li and Cs. 
The Cs/Rb ratios of the unaltered samples (9.65 · I0-2 to 
17 · I0-2) exceed all comparable rocks in the Oslo Re-
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gion (Neumann 1980), and are also an order of magni
tude higher than the range of Cs/Rb ratios in uncontam
inated, mantle derived rocks (12 · 10-3; Hofmann & 
White 1983), and significantly above the average upper 
crustal values (3.3 · I0-2; Taylor & McLennan 1985). 
Neither this high Cs/Rb ratio nor the elevated concentra
tions of Sr, Ba, Li, Rb and Cs can be easily explained by 
closed-system differentiation processes, given a lardalite
like precursor. Bulk contamination with the Precambrian 
rocks of the midd1e-shallow crust of the region has been 
suggested as an important process in some of the 
evolved, silica-saturated to oversaturated intrusive rocks 
of the Oslo Region (Rasmussen 1983; Rasmussen et al. 
1988), but cannot account for the selective enrichment in 
the nepheline syenite. Assimilation of lower Paleozoic 
shaly rocks, which are widespread in the Oslo Region 
(Bjørlykke 1974; Bockelie 1978), and which may have 
had elevated Cs/Rb (Taylor & McLennan 1985) may in 
principle lead to selective contamination. However, the 
Sr, Nd and Ph isotopic signature of the nepheline syenite 
(Table 7, Figs. 6, 7) rules out significant contamination 
of the mantle derived magma by crustal rocks. 

The trace element and isotopic data indicate that the 
Mykle nepheline syenites are the products of crystaliza
tion of mantle-derived magmas, but field relations do not 
permit any doser evaluation of the magmas and fraction
ation processes which have been involved. However, the 
high concentrations of Cs and Li in the nepheline syenite 
could be a product of late magmatic processes which 
formed its interstitial and miarolitic analcime and so
dalite and zeolites. 

It should be emphasized that the Mykle area is charac
terized by repeated magma intrusions. The nordmarkitic 
rocks at the south end of Lake Mykle have, for instance, 
xenoliths of dioritic-gabbroic rocks, which again have 
xenoliths of larvikite. This indicates the former presence 
of basic rocks, which, like the nepheline syenite, have 
been engulfed by later intrusions. 

Conclusions 

The mineralogy of the Mykle nepheline syenite reftects 
both primary magmatic processes and metasomatic alter
ation. Primary igneous pyroxenes evolve from diopside
hedenbergite (di+ hd ) rich compositions towards 
moderate acmite (acm) enrichment, with high initial 
Cafe3+ A1Si206 ( fats) content. Amphibole and sec
ondary biotite are Al-rich and garnet occurs as an in
terstitial phase. The primary mafic silicate mineral
ogy suggests a low (Na + K)/Al ratio in the parent 
magma. 

The metasomatism of the nepheline syenite was related 
to emplacement of silica- and alkali-rich magmas, and 
has involved both an increase in silica activity and oxy
gen fugacity. The end-product of the metasomatic evolu
tion is a quartz- and nepheline-free rock akin to syenites 
which are widespread in the Oslo Region. 
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Our findings show that syn-intrusive metasomatic pro
cesses have been important in some of the Oslo Region 
plutons. Such processes may easily be overlooked in 
other settings, where the major chemical characteristics 
of the end-member rocks or magmas are less different 
and thus less easily recognized. Nevertheless, exchange 
processes between magmas and magmatic rocks of differ
ent evolutionary history and slightly different age should 
not be overlooked in the study of complex plutons, such 
as the intrusions of the late Paleozoic Oslo rift. 

Although transitions between nepheline syenite and 
granite may be uncommon, features similar to those 
described in this paper may have been observed in the 
Haliburton-Bancroft area, Ontario, Canada (J. Gittins, 
pers. comm.) and in Gardar Province of Greenland (B. 
Upton, pers. comm.). This suggests that the phenomenon 
may actually be more common than previously assumed. 
Our results suggest that such transitions may be very 
valuable sources of information on the processes taking 
place during emplacement and crystallization of felsic 
plutons. 

Acknowledgements. - The field and analytical work was supported by the Danish 

Natura! Science Research Council, the Geological Survey of Norway and 
Nansenfondet. Thanks are due to H. Austrheim, I. A. Munz and J. Rønsbo for 

help with the electron microprobe. We also express our gratitude to E.-R. 
Neumann, L. M. Larsen, B. B. Jensen, J. Gittins, M. Henderson, B. Upton and 

B. Robins for helpful discussions and comments on early drafts of the 

manuscript, and to the Copenhagen petrology students who participated in the 
fieldwork. Special thanks are directed to N. Westphal Petersen, who directed our 

attention to the Romsdal xenoliths, and to L. Pedersen, who gave us access to her 

unpublished data on the Romsdal dyke. 

Manuscript received March 1993 

References 
Andersen, T. 1984: Crystallization history of a Permian composite monzonite

alkali syenite pluton in the Sande cauldron, Oslo rift, S. Norway, Lithos 17, 

153-170. 

Andersen, T. 1990: Mett-mineral-fluid interaction in peralkaline silicic intrusions 
in the Oslo Rift, Southeast Norway. IV: Fluid inclusions in the Sande Nord

markite. Norges geologiske undersøkelse Bulletin 417, 41-54. 

Andersen, T. & Austrheim, H. 1991: Temperature-HF fugacity trends during 

crystallization of calcite carbonatite magma in the Fen complex, Norway. 

Minera/ogical. Magazine 55, 81-94. 

Bailey, J. C., Gwozdz, R., Rose-Hansen, J., Andersen, L. S. & Sørensen, H. 1981: 

Distribution of lithium and fluorine in lujaverites from the Ilimaussaq intru
sion. In Bailey, J. C., Larsen, L. M. & Sørensen, H. ( eds): The Ilimaussaq 
Intrusion, South Greenland - A progress Report on Geology, Mineralogy, 
Geochemistry and Economic Geology. Report, Geologica/ Survey of Green/and 

103, 77-86. 

Barth, T. F. W. 1945: Studies on the igneous rock complex of the Oslo Region. 
Il. System a tie petrography of the plutonic rocks. Skrifter, Det Norske Videnskaps 
Akademi i Oslo, l. Matematisk-naturvitenskapelig Klasse, 1944 No. 9, 104 pp. 

Berman R. G. 1988: Intemally consistent thermodynamic data for minerals in the 
system Na20-K20-Ca0-Mg0-Fe0-Fe203-Al203-Si02-Ti02-H20-C02• Jour

nal of Petro/ogy 29, 455-522. 

Bjørlykke, K. 1974: Depositional history and geochemical composition of lower 

Paleozoic epicontinental sediments from the Oslo Region. Norges geologiske 

undersøkelse Bulletin 305, 1-81. 

Bockelie, J. F. 1978: The Oslo Region during the early Paleozoic. In Ramberg, l. 
B. & Neumann, E.-R. (eds): Tectonics and Geophysics of Continental Rifts, pp. 

195-202. D. Reide!, Dordrecht, Holland. 
Boynton, W. V. 1984: Cosmochemistry of the rare earth elements: meteorite 

studies. In Henderson, P. (ed): Rare Earth Element Geochemistry. Developments 
in geochemistry 2, pp 63-114. Elsevier, Amsterdam. 

Nepheline syenite xenoliths, Oslo rift 265 

Brøgger, W. C. 1890: Die Mineralien der Syenitpegmatitgånge der siidnorwegis
chen Augit und Nephelinsyenite. Zeitschrift for Krystallographie 16, 663 pp. 

Brøgger, W. C. 1898: Die Eruptivgesteine des Kristianiagebietes. Ill. Das 
Ganggefolge des Laurdalits. Skr. Vidensk. Se/sk. /. Mat.-naturv. Kl. 1897, No. 

6,(}31 pp. 
Brøgger, W. C. & Schetelig J. 1917: Geological map l :  100,000, Hønefoss. Norges 

Geologiske Undersøkelse. 
Carmichael, l. S. E., Turner, F. J. & Verhoogen, J. 1974: lgneous Petrology, 739 

pp. McGraw-Hill. 
Czamanske, G. K. & Wones, D. R. 1973: Oxidation during magmatic differenti

ation, Finnmarka complex, Oslo area, Norway: Part Il, the mafic silicates. 
Journal of Petro/ogy 14, 349-380. 

Deer, W. A., Howie, R. A. & Zussman, J. 1978: Single Chain Silicates, 2nd ed. 
668 pp. Longman, London. 

Deer, W. A., Howie, R. A. & Zussman, J. 1982: Orthosilicates, 2nd ed. 919 pp. 
Longman, London. 

Dons, J. A. & Larsen, B. T. 1978: The Oslo paleorift. A review and guide to 
excursions. Norges geologiske undersøkelse Bulletin 337, 119 pp. 

Faure, G. 1986: Princip/es of Isotope Geology, 2nd ed. 589 pp. J. Wiley & Sons, 
New .York. 

Hamilton, D. L. & MacKenzie, W. S. 1965: Phase equilibrium studies in the 
system NaAISi04 (nepheline)-KAISi04 (kalsilite)-Si02-H20. Mineralogica/ 

Magazine 34, 214-231. 

Hansteen, T. H. 1988: Cooling history of the Eikeren-Skrim peralkaline granite 
complex, the Oslo Region, Norway: Evidence from fluid inclusions and miner
alogy. Unpubl. Cand. Scient. Thesis, Min.-Geo. Museum, Univ. of Oslo, 
244 pp. 

Hansteen, T. H. & Burke, E. A. J. 1990: Mett-mineral-fluid interaction in 
peralkaline silicic intrusions in the Oslo Rift, Southeast Norway. Il. High 
temperature fluid inclusions in The Eikeren-Skrim complex. Norges geologiske 

undersøkelse Bulletin 417, 15-32. 

Hansteen, T. H. & Lustenhouwer, W. J. 1990: Silicate melt inclusions from a 
mildly peralkaline granite in the Oslo paleorift, Norway. Minera/ogica/ 
Magazine 54, 195-205. 

Heier, K. S. & Adams, J. A. 1964: The geochemistry of the alkali metals. Physics 
and Chemistry of the Earth 5, 253-381. 

Heier, K. S. & Billings, G. K. 1970: Cesium. In Wedepohl, K. H. (ed): Handbook 
of Geochemistry, Il -4. 

Helgeson, H. C., Delany, J. M., Nesbitt, H. W. & Bird, D. K. 1978: Summary 

and critique of the thermodynamic properties of rock-forming minerals. Amer
ican Journal of Science 278A, 229 pp. 

Hofmann, A. W. & White, W. M. 1983: Ba, Rb and Cs in the Earth's mantle, 
Zeitschrift for Naturforschung 38, 256-266. 

Hunt, J. A. & Kerrick, D. M. 1977: The stability of sphene: experimental 
redetermination and geologic implications. Geochimica et Cosmochimica Acta 

41, 279-288. 

Larsen, L. M. 1976: Clinopyroxenes and coexisting mafic minerals from the 
alkaline Ilimaussaq intrusion, South Greenland. Journal of Petro/ogy 17, 258-

290. 

Leake, B. E. 1978: Nomenclature of amphiboles. Canadian Minera/ogist 16, 
501-520. 

Morogan, V. & Sørensen, H. (1991) Net-veined complexes in the Oslo rift, 
Southeast Norway (abstract). Symposium on Central European Volcanic Rocks, 
Prague, 1991. 

Munoz, J. L. 1985: F-OH and Cl-OH exchange in micas with applications to 

hydrothermal ore deposits. Reviews in Minera/ogy 13, 469-493. 

Neumann, E.-R. 1976: Compositional relations among pyroxenes, amphiboles 
and other mafic phases in the Oslo Region plutonic rocks. Lit hos 9, 85- l 09. 

Neumann, E.-R. 1980: Petrogenesis of the Oslo Region larvikites and associated 
rocks. Journal of Petrology 21, 498-531. 

Neumann, E.-R. Tilton, G. R. & Tuen, E. 1988: Sr, Nd and Pb isotope 
geochemistry of the Oslo rift igneous province, southeast Norway. Geochimica 
et Cosmochimica Acta 52, 1997-2007. 

Neumann, E.-R. Andersen, T. & Hansteen, T. H. 1990a: Mett-mineral-fluid 
interaction in peralkaline silicic intrusions in the Oslo Rift, Southeast Norway. 
I: Distribution of elements in the Eikeren granite. Norges geologiske un
dersøkelse Bulletin 417, 1-13. 

Neumann, E.-R., Sundvoll, B. & Øverli, P. E. 1990b: A mildly depleted upper 
mantle beneath southeast Norway: evidence from basalts in the Permo-Car
boniferous Oslo Rift. Tectonophysics l 78, 89-107. 

Oftedahl, C. 1978: Main geologic features of the Oslo Graben. In Ramberg, l. B. 
& Neumann, E.-R. (eds): Tectonics and Geophysics of Continental Rifts, pp. 
149-160. D. Reide!, Dordrecht. 

Oftedahl, C. & Petersen, J. S. 1978: Southem part of the Oslo rift. Norges 
geologiske undersøkelse Bulletin 337, 163-182. 

Olsen, K. I. & Griffin, W. L. 1984: Fluid inclusion studies of the Drammen 
Granite, Oslo Paleorift, Norway. I. Microthermometry. Contributions in Miner
a/ogy and Petro/ogy 87, 1-14. 



266 T. Andersen & H. Sørensen 

Parsons, l. 1978: Feldspars and fiuids in cooling plutons. Mineralogica/ Magazine 

42, 1-17. 

Raade, G. 1973: Distribution of radioactive elements in the plutonic rocks of the 

Oslo Region. Unpubl. Cand. Real. thesis, University of Oslo. 

Rasmussen, E. 1983: En petrologisk og geokjemisk undersøkelse av Permiske 

suprakrustale og intrusive bergarter nord for Øyangen, nordlige Oslofelt. 
Unpublished cand. real. thesis, University of Oslo (in Norwegian), 160 pp. 

Rasmussen, E., Neumann, E.-R., Andersen, T., Sundvoll, B., Fjerdingstad, V. & 
Stabel, A. 1988: Petrogenetic processes associated with intermediate to silicic 

magmatism in the Oslo rift, southeast Norway. Mineralogica/ Magazine 52, 

293-307. 

Sundvoll, B., Neumann, E.-R., Larsen, B. T. & Tuen, E. 1990: Age relations 

among Oslo Rift magmatic rocks: implications for tectonic and magmatic 

modelling. Tectonophysics 178, 67-87. 

NORSK GEOLOGISK TIDSSKRIFT 73 (1 993) 

Strutz, H. 1970: Mineralogische Tabellen, 621 pp. Akademische Verlags

gesellschaft Geest & Portig K.-G., Leipzig, DDR. 
Sæther, E. 1962: Studies on the igneous rock complex of the Oslo Region, XVIII. 

General investigations of the igneous rocks in the area north of Oslo. Det 

Kongelige Norske Vidensabers Selskabs Skrifter 1957 Nr. l, 150 pp. 

Taylor, S. R. & McLennan, S. M. 1985: The Continental Crust: its Composition 

and Evolution, 312 pp. Blackwell, Oxford. 

Wones, D. R. l 989: Significance of the assemblage titanite + magnetite + quartz 
in granitic rocks. A merican Minera/ogist 74, 744-749. 

Wood, B. J. & Fraser, D. G. 1977: Elementary Thermodynamics for Geologists, 

303 pp. Oxford University Press. 

Wood, D. A. 1979: A variably veined suboceanic upper mantle - Genetic 
significance for mid-ocean ridge basalts from geochemical evidence. Geology 7, 

499-503. 


