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Major and trace element variations within a transition zone between monzonitic (larvikite) and alkali 
syenitic (nordmarkite) rocks in the central pluton of the Sande Cauldron show that the compositional 
transition between the units is continuous. Field relations, petrography and geochemical data indicate 
that the transition was produced by the influence of intruding nordmarkite magma on a solidified 
larvikite. The major element pattern in the zone may be reproduced by simple mixing of these 
endmembers, but the trace elements show more complex variations, due to their heterogeneous distribu
tion in both primary larvikite and nordmarkite magma. 
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During the later stages of evolution of the Per
mian Oslo rift in S. E. Norway (Oftedahl 1978a, 
1980), magmas of intermediate or more evolved 
chemical composition intruded to shallow levels 
within the downfaulted segments of the crust 
(Ramberg & Larsen 1978). At the present leve) 
of erosion, batholithic intrusives cover 59 percent 
of the total rift area (Ramberg 1976). In compo
sition, these intrusives range from monzonite 
(larvikite in local terminology, cf. Ramberg 1976) 
to alkali syenite (nordmarkite), alkali granite 
(ekerite) and biotite granite. 

Recent petrological studies show that several 
processes have contributed to the petrogenesis of 
these rocks. Polybaric fractional crystallization of 
mantle derived magmas in the deep crust has 
been shown to control the major and trace ele
ment variations found within the monzonitic part 
of the compositional spectrum (Neumann 1980). 
On a regional scale, alkali syenitic, silica saturat
ed magmas may have been derived from mon
zonitic parent magmas by further deep fractiona
tion processes (Neumann 1980) or by such pro
cesses combined with deep crustal contamination 
(Rasmussen 1983, Rasmussen, Andersen & Neu-. 
mann in prep.). Most biotite granites belong to 
an earlier stage of the tectonomagmatic evolu
tion of the rift than the other plutonic rocks 
(Ramberg & Larsen 1978, Gaut 1981), and may 
have been derived by partial melting of older 
crustal rocks (Raade 1973, Neumann, Brunfelt & 

Finstad 1977, Gaut 1981). 
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Local gradual transitions between rocks of 
monzonitic and alkali syenitic compositions are 
common in the Oslo rift. The best known exam
ples are found in the Skrim Mountains and in the 
Sande Cauldron central pluton, both in the 
southwestern segment of the rift system (Raade 
1973, Oftedahl 1978b). Although a common phe
nomenon, local transitions between monzonites 
and alkali syenites are not easily explained in 
terms of the deep crustal or upper mantle pro
cesses, which control the compositional evolu
tion of the magmas forming the shallow plutons 
of the Oslo region. Oftedahl (1953, 1978b ) , in his 
attempts to understand the tectonic and magma
tie evolution of the Sande cauldron, proposed 
petrogenetic models involving essentially local, 
shallow crustal processes to account for the grad
ual transitions between larvikite and nordmar
kite in the central pluton of the cauldron. Ofte
dahl's models were based on different interpreta
tions of petrographic and structural relations in 
the complex. The models involve either in situ 
contamination of a syenitic parent magma by 
mafic crustal material, giving rize to a horizontal, 
upper layer of hybrid monzonite (Oftedahl 
1953), or shallow fractional crystallization of a 
monzonitic magma at or slightly below the final 
leve! of intrusion, giving the pluton a monzonitic 
core surrounded by more evolved rocks (Ofte
dahl 1978b). Neither one of these petrogenetic 
models agrees with the present knowledge of the 
evolution of similar intrusive complexes else-
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where in the Oslo region (Neumann 1976, 1980, 
Rasmussen 1983). 

The gradual transitions between monzonitic 
and alkali syenitic intrusives are therefore an 
imperfectly understood phenomenon among the 
Oslo region magmatic rocks. The central pluton 
of the Sande Cauldron is a key area for the study 
of such gradual transitions between intrusives of 
contrasting compositions. 

The purpose of this contribution is to study the 
whole-rock major and trace element distribution 
across a transitional zone in this plutonic com
plex, in order to define and, if possible, to quan
tify the process or processes by which it evolved. 
Any credible model for the evolution of such 
transitional rocks must account for the mass bal
ance of major and trace elements. Although iso
topic data could provide useful additional infor
mation, no such data are presented here. This is 
because the details of the Sr-isotopic variation in 
the different monzonitic and syenitic rock types 
are as yet imperfectly known, both on a local and 
on a regional scale (see reviews by Sundvoll 
1978a, b). Detailed isotopic studies of these and 
related rocks are currently in progress, and re
sults will be presented elsewhere (Sundvoll in 
prep., Rasmussen et al. in prep.). 

Geology 

The Sande Cauldron (Fig. l) is one of a series of 
axial cauldrons in the southwestern graben seg
ment of the Oslo rift (the Vestfold Graben, 
Ramberg & Larsen 1978). It probably represents 
a deep erosional section through a basaltic (?) 
central volcano, which was later penetrated by 
intermediate to acid intrusive rocks (Ramberg & 

Larsen 1978). The central pluton of the cauldron 
is a nearly circular, composite intrusive, pene
trating Permian Javas (mainly rhomb porphyries 
and basalts) within the downfaulted cauldron 
block (Oftedahl 1953, 1978b). Andersen (1981) 
showed that different larvikite units are the ol
dest intrusive rocks in the pluton. They are found 
near its geographical centre as mega-rafts includ
ed in younger nordmarkite. The large central 
larvikite body consists of three different units. 
Two of these (larvikite l and 2) make up the 
central part of the larvikite body. The contact 
between the units is transitional. Southwards, 
quartz-free larvikite 2 grades into a coarse
grained green alkali syenite, whose petrographic 
position in the complex is at present poorly un-
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derstood. The green alkali syenite is in turn sepa
rated from nordmarkite by a gradual contact. 
Northwards from the centre, where quartz-bear
ing larvikite l is bordered by nordmarkite, quite 
different relations are found: Along this contact, 
a zone of 'porphyritic' transitional rock is found 
(designated as larvikite 3). This transitional rock 
grades into both its neighbours, and may be 
mapped as a continuous unit along most of the 
circumference of the larvikite body (Fig. 1). Lo
cally, the unit seems to wedge out completely; 
however, in these areas the actual contact be
tween larvikite and nordmarkite is not exposed. 
This well-defined transition zone was selected for 
further study. 

The nordmarkite, which is the most important 
unit in the complex in terms of volume, forms an 
outer zone, completely surrounding the larvikite. 
In certain parts of the nordmarkite body, inclu
sions of aplitic nordmarkite are found (Andersen 
1984). 

Based on field evidence and Ramberg's (1976) 
geophysical model of the cauldron, Andersen 
(1981) established an evolutionary history for the 
Sande central pluton which may be summarized 
in four stages: 

l. Nearly simultaneous intrusion of larvikite 
units l and 2. 

2. Intrusion of the green alkali syenite. 
3. Possible intrusion of nordmarkite aplite, with 

initial breakup of the existing Iarvikite intro
sive. 

4. lntrusion of the main nordmarkite and further 
breakup of the Iarvikite, fragments of which 
sank to the bottom of a shallow magma
chamber. According to the model, Iarvikite 3 
was developed at this stage. 

The crystallization history of the complex (An
dersen 1984) gives additional information which 
is important for the understanding of the evolu
tion of larvikite 3: Larvikites l and 2 have fol
lowed similar T-f02 paths, cooling from the in
ferred liquidus at 1020°C to the solidus (775-
8000C} at an oxygen fugacity leve! near the 
QFM-buffer, close to what Neumann (1976) 
found for other Iarvikites in the Oslo region. The 
cooling path of the nordmarkite is much less 
accurately known, but the compositions of mag
netite coexisting with manganiferous ilmenite in
dicate that it Iies at a higher f02-level, at !east as 
high as that of the NNO-buffer. The Iiquidus 
temperature of nordmarkite magma is inaccu-
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Fig. l. Geological map of the Sande cauldron central pluton, with sample locations (X:Primary larvikite, Open circle: Nordmar
kite, Fil/ed circle: Larvikite 3.). Geological mapping by the author. Shaded: Lakes. Inserted: Index map showing areal distribution 
of plutonic rocks in the Oslo rift (stippled). 

rately known, but may from analogy with experi
mental systems range from 800 to 860°C. These 
temperatures are minimum estimates of the true 
liquidus (Andersen 1984). In contrast to the 
other larvikite units, larvikite 3 shows a two
stage cooling history. A primary evolution simi
lar to larvikites l and 2 is indicated by relict 
mineral assemblages, while the Fe-Ti oxides gi ve 
buffered cooling paths of higher, and for the 
group, more varied oxygen fugacities, overlap
ping with the assumed interval for the nordmar
kite. This was interpreted by Andersen (1984) as 
an effect of reheating of a solidified rock, at !east 

to its solidus (770-780°C) by the nordmarkite 
magma. 

Petrography 
70 samples from the central pluton were studied 
in thin sections. The samples were in part collect
ed by the author, and in part selected from the 
collection of G. Raade in the Mineralogical-Geo
logical Museum, Oslo (cf. Raade 1973). Samples 
affected by late hydrothermal alteration were 
discarded from further study. 
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Larvikites l and 2 

Although larvikite l and larvikite 2 differ in both 
chemical composition and petrographic details, 
they both belong to the first period of intrusive 
activity in the pluton, and in general are similar 
enough to be treated as a single petrographic 
unit. 

These larvikites are characteristically medium
to coarse-grained rocks (average grain-size above 
one centimetre is attained in some larvikite 2 
samples), and medium to dark grey in colour. 
Feldspars (primary plagioclase and alkali feid
spar, the latter partly unmixed as mesoperthite) 
make up the bulk of the rock, with mafic sili
cates, oxides and apatite ranging in total from 5 
to 15 modal percent. Larvikite l had the highest 
modal abundance of plagioclase and mafics, and 
more calcic plagioclase (An � 35% ). Mafic sili
cates are poikilitic clinopyroxene and minor 
amounts of interstitial amphibole, replacing py
roxene. Some samples of Iarvikite l also carry 
hypersthene. Fe-Ti oxides (ilmenite55 and titano
magnetite55) are present both as inclusions in 
other phases, and as interstitial grain-clusters. 
Apatite is the most important accessory phase, 
infrequent zircon and sphene are also found. The 
pyroxenes of larvikite l usually contain abundant 
inclusions of apati te and Fe-Ti oxides. 

Larvikite 3 

Larvikite 3 has a medium- to coarse-grained 
'pseudo-porphyritic' texture with feldspar mega
crysts (�l cm) embedded in a fine-grained, 
granular groundmass of cryptoperthitic feldspar. 

Cores of megacrysts consist of grey mesoper
thite, rimmed by reddish cryptoperthitic over
growths, similar to the groundmass feldspar. Ma
fic silicates are clinopyroxene, amphibole and 
biotite. Amphibole replaces clinopyroxene simi
lar to the poikilitic augite of larvikite l. All . 
transitions between incipient amphibole forma
tion along crystal faces or cleavage traces and 
complete replacement, leaving only the typical 
oxide and apatite inclusions as evidence of the 
pre-existing pyroxene, can be found, even in the 
same thin section. Biotite is present both as coro
nas around magnetite and as fine-grained aggre
gates replacing earlier subhedral laths. Quartz is 
a minor phase in all the sample studied. Apatite, 
sphene and Fe-Ti oxides are minor to accessory 
phases. The modal abundances of feldspar and 
clinopyroxene relics decrease continuously away 
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from the inner 'boundary' of the unit, towards 
the nordmarkite; petrographically the rock, how
ever, remains a larvikite throughout the zone 
indicated on the map (Figure 1). 

Nordmarkite 

The nordmarkite is heterogeneous on a large 
scale, with domains differing from each other 
with respect to microstructure and modal miner
alogy. In the central parts of the intrusion, the 
rock is commonly coarse-grained, with little or 
no modal quartz, and a granular microstructure. 
The nordmarkite adjoining larvikite 3 belongs to 
this variety. Towards the outer intrusive contact, 
the microstructure becomes porphyritic, and the 
quartz contents increase. The colour of the nord
markite is commonly light greyish red. The most 
abundant mineral is a cryptoperthitic alkali feid
spar. Homogeneous microcline is, however, also 
present in some of the samples. Quartz, mafic 
silicates (aegirine-augite and pale, alkali-calcic 
amphibole), magnetite, manganiferous ilmenite 
and accessory sphene and zircon occur intersti
tially. Plagioclase is not found in the central parts 
of the nordmarkite intrusion, but the quartz-rich, 
porphyritic variety contains a few percent of 
greyish-yellow, strongly altered plagioclase 
phenocrysts. 

Geochemistry 

Analytical methods 

Si02, Al203, Ti02, Fe203101, MnO, CaO, K20 and P205 were 
analysed in duplicate by X-ray fluorescence, using fused pellets 
fluxed with analytical grade, anhydrous sodium tetraborate 
(1:9 sample to flux ratio). A semi-manual Phillips X-ray spec
trograph in the Mineralogical-Geological Museum, Oslo was 
used for the analyses. The instrument was calibrated with a 
series of international rock standards, some of which were also 
run at frequent intervals during the working period, to check 
for instrumental instability. Na20 and MgO were determined 
by atomic absorption analysis, using a Beckman spectrophoto
meter with a Perkin-Elmer burner unit, calibrated with a series 
of synthetic standard solutions. FeO was determined by titra
tion. 

Ta, Sr, Co and Se were analysed by instrumental thermal 
and epithermal neutron activation analysis, using methods de
scribed by Gordon et al. (1968) and Brunfelt & Steinnes 
(1969). 100 mg aliquots of ground and homogenized rock 
sample were wrapped in aluminum and irradiated for l to 3 
days in the JEEP-Il reactor at Institute for Energy Technology, 
Kjeller, Norway. All samples were analysed in duplicate. The 
precision judged from 'pooled estimates of variance' (Marsal 
1967), is better than 6% for Ta, 10% for Sr, 2 % for Se and 
5% for Co, in the concentration ranges found. U, Th and K 
were analysed by measuring natura! radioactivity, using a y-
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counting method described by Raade (1973, 1978), giving an 
estimated accuracy and precision betler than 3 % for Th and 
betler than 5 % for U. The potassium data obtained in this way 
were discarded in favour of the XRF-values, although agree
ment between XRF and y-spectrometry was generally accept
able. 

The group of trace elements was chosen because of the 
distinctive behaviour of these elements in magmatic systems: 
Sr, Co and Se are compatible elements which are preferentially 
incorporated into feldspars (Sr) and mafic silicates (Co and Se), 
whereas Ta, Th and U are incompatible elements with low 
mineral/melt partition coefficients for the major rock forming 
minerals over a wide range of magma compositions (Treuil & 
Joron 1976, lrving 1978). 

Results 

Major, minor and trace element compositions of 
selected samples of larvikite and nordmarkite are 
given in Table l, with calculated CIPW norms. 
Sample positions are indicated in the geological 
map (Figure 1). The parameters differentiation 
index (D.I. = (qz + ab +or+ nf)norm) and agpai
tic index (A.l.= (Na + K)/Al), cation percent), 
are also included in Table l. 

As is seen from Table l, the rocks are silica 
saturated or oversaturated (some larvikite 2 sam
ples differ in having small amounts of normative 
nepheline, Andersen (1984)). Both the primary, 
unaltered larvikite and the nordmarkite show 
increases in total alkalis, silica and the Fe/(Fe + 
Mg+ Mn)- ratio with increasing D.l. The trace 
elements U, Th and Ta also increase with D.l., 
while Sr, Se and Co show the opposite tendency. 
In the unaltered larvikite the agpaitic index in
creases with D.l. 

On the other hand, there is a marked composi
tional difference between the groups. This is best 
illustrated in Figure 2, where larvikite 1 and 
nordmarkite each define a trend towards increas
ing silica. The primary larvikite trend falls in the 
subalkaline part of the diagram, and is subparal
lel to the nordmarkite trend, which as a whole 
has an agpaitic index dose to 1.0. The composi
tional break is also seen in Sr, Se, and Co, which 
are lower in nordmarkite than in the unaltered 
larvikite, but not in the U, Th and Ta concentra
tions, where all groups overlap. 

The 'gap' between primary larvikite and nord
markite is bridged by larvikite 3, the samples of 
which scatter on and between the 'primary' 
groups, apparently without following an y system
atic pattem for the group of samples as a whole 
(cf. Fig. 2). Geographically, there is a clear pat
tem of variation within the larvikite 3 zone. As is 
shown in Figure 3, CaO, MgO and FeO + Fe203 
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Fig. 2. Whole-rock compositions projected to the Al-Na+ K
Si plane (cation percent). C/osed eire/es: Primary /arvikite l, 
Open eire/es: Nordmarkite, Triangles: Larvikite 3. Data from 
Table l and from Andersen (1981). 

gradually decrease from the inner boundary of 
the zone towards the nordmarkite, whereas Si02 
(not shown), Alz03, Na20 + K20, A.I. and D.l. 
increase. The minor oxides Ti02 and P205 nearly 
parallel CaO and MgO. Sr, Se and Co also de
crease across the zone, while U, Th and Ta show 
no systematic variation with position. 

Discussion of results 

Identification of the petrogenetic process 

The petrographic evidence summarized above 
suggests that larvikite 3 acquired its petrographic 
characteristics by alteration of a preexisting rock 
similar to the unaltered larvikite l. In this proc
ess mesoperthite and plagioclase were replaced 
by Ca-poorer feldspar assemblages; Na-poor 
clinopyroxene was replaced by Na-bearing am
phibole; biotite and Fe-Ti oxides were recrystal
lized. Simultaneously, the cryptoperthitic 
groundmass feldspar developed. The secondary 
origin is further substantiated by the two-stage 
cooling history of larvikite 3 (Andersen 1984). It 
follows from this that the processes suggested by 
Oftedahl (1953, 1978b) cannot be responsible for 
the petrographical and geochemical gradual tran
sition between larvikite and nordmarkite. The 
intensity of· alteration increases outwards 
through the larvikite 3 zone. However, in terms 
of modal composition, the rock remains a true 
larvikite in all but the outermost parts of the 
zone. 
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Tab le l. 

Major and trace element compositions of selected samples from 

the Sande cauldron central pluton. Th u and Th data for samples 

307 and 309 are quoted from Raade (1973). 

58 61 307 24 62 64 65 

Weight per cent oxides 

Si0
2 

59.29 58.04 53.11 64. 13 59.39 58.90 64.91 

Ti0
2 

1.80 l. 99 2.24 0.93 l. 88 l. 75 0.36 

Al
2

o
3 

15.72 15.72 15.35 15.57 15.96 16.04 16.65 

Fe
2

o
3 

2.35 3.19 4.30 2.17 3.05 2.65 2.78 

Fe O 4.37 4.69 5.31 l. 88 4.28 3.94 2.44 

Mn O 0.14 0.16 0.16 0.16 o .15 o .15 0.15 

Mg O 2.46 2.78 4.03 0.99 2.70 2.36 l. 39 

Ca O 4.29 4.71 6.36 l. 52 4.28 4.16 2.23 

Na
2

0 4.94 4.82 4.70 6.22 4. 77 4.96 5.48 

K
2

o 3.83 3.43 2.29 4.90 3.72 3.59 4.54 

P
2

0
5 

0.63 0.67 0.64 0.24 0.65 0.65 0.38 
------------------ ------- ---------------------------------------

Sum 
99.82 100.20 98.65 98.71 100.83 99.15 99.87 

Trace elements, parts per million 

u 4.1 3.0 5.0 3.2 3.7 3.5 3.5 

Th 12.0 9.7 1.6 12.1 12.4 10.9 12.64 

Ta 5.6 5.4 4.5 6.6 6. l 5.6 7.2 

Sr 495 485 705 146 441 456 298 

Co 17.1 19.0 17.8 3.8 16.7 15.2 8.3 

Se 13.0 14.9 18.4 7.4 13.3 12.8 8.7 

CIPW - norms, eat ion per cent 

Q 4.58 4.50 0.73 5.74 5.65 5.39 7.42 

OR 22.63 20.26 13.77 28.90 21.81 21.35 26.68 

AB 44.36 43.27 42.95 55.77 42.52 44.83 48.95 

AN 9.42 11.14 14.28 0.10 11.08 10.98 6.61 

HY 6.54 7.06 8.30 0.74 7.19 6.42 3.33 

DI 6.20 6.28 10.86 4.69 4.63 4.41 l. 54 

AC 

MT 2.46 3.33 4.57 2.26 3.16 2.79 2.89 

HM 

IL 2.51 2. 77 3.18 l. 29 2.60 2.45 l. 79 

AP l. 32 l. 40 l. 36 0.50 l. 35 l. 37 0.79 
--------------------- --------------- - ------------ ---------------

D. I. 71.56 68.02 57.45 90.41 69.99 71.57 83.05 

A. I. 0.78 0.74 0.66 l. 00 0.74 0.75 0.85 
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Table l (cont.). 

Z2 BQ 2J Bl JQ2 
Weight per cent oxides 

Si02 58.29 59.76 64.40 66.61 67.58 

Ti02 1.98 1.64 0.61 0.72 0.35 

A1
2

0
3 

15.84 16.51 16.70 16.64 16.28 

Fe2o3 3.62 3.35 l. 94 2.23 2.04 

Fe O 4.47 3.02 0.65 0.88 0.19 

Mn O o .15 o .16 0.10 0.14 0.07 

Mg O 2.73 2.67 0.52 0.57 0.12 

Ca O 4.79 3.79 0.51 0.80 0.06 

Na2o 4.93 5.45 6.63 6. 77 6.65 

K20 3.04 3.81 5.24 5.24 5.02 

P2o5 0.63 0.59 0.14 o .16 0.05 
--------------------------------------------------· 

Sum 100.47 100.75 99.40 100.76 98.41 

Trace elements, parts per million 

u 4.0 12.2 2.0 3. l 1.9 

Th 3.1 9.1 7.3 11.8 8.0 

Ta 5.5 5.6 5.3 6.4 5.8 

Sr 437 403 109 151 15 

Co 19.7 11.9 1.1 l. 42 1.0 

Se 14.7 10.9 4.6 6.3 4.0 

CIPW - norms, cation per cent 

Q 5.57 3.73 5.92 5.19 8.81 

OR 17.92 22.17 30.49 30.12 29.55 

AB 44 ... 17 48.21 58.65 58.28 59.01 

AN 12.10 9.21 0.34 

HY 6.40 5.36 1.07 0.64 0.41 

DI 6.01 4.42 1.00 2.28 

AC 0.70 0.39 

MT 3.78 3.45 0.23 0.53 

HM 1.18 0.99 l. 32 

IL 2.75 2.25 0.84 0.98 0.29 

AP l. 31 l. 22 0.29 0.33 0.09 
--------------------------------------------------· 

D. I. 67.66 74.10 95.05 93.05 97.36 

A. I. 0.72 0.79 0.99 1.01 l. 01 
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Increasing trends of A.l. , D.l., Si02, com
bined with decreasing CaO, MgO and compati
ble trace elements (Sr, Se, Co), may be fully 
explained by fractional crystallization of plagio
clase and mafic silicates from a 'larvikitic' 
magma. At a deeper leve! in the crust, such 
fractionation is assumed to be at !east partly 
responsible for the evolution of syenitic magmas 
in the Oslo region (Neumann 1976). These pat
terns could also result from mixing of 'larvikitic' 
and 'nordmarkitic' components by assimilation 
or other local mixing processes. Fractional cry
stallization of a larvikite magma, proceeding be
yond the most evolved samples on the larvikite 
trend in Figure 2, would be expected to move the 
residual melt composition further along a prolon
gation of the trend, and not into the composi
tional gap between the primary larvikite and 
nordmarkite trends. Such fractionation would 
further be expected to increase the concentra
tions of incompatible trace elements in the resid
ual melt above the leve! of the primary larvikite 
(Treuil & Joron 1976); this is not observed in 
larvikite 3. 

The failure of primary magmatic processes to 
account for important major and trace element 
characteristics of larvikite 3 strongly suggests that 
the compositional gradient across the zone is due 
to exchange of components during the reheating 
and recrystallization which affected the rock. 
During alteration, the temperature in larvikite 3 
was raised, at !east to the solidus (Andersen 
1984). The presence of plagioclase phenocrysts in 
a number of nordmarkite samples indicates that 
the nordmarkite magma was dose to its liquidus 
(i.e. at a temperature above 800°C) when it in
truded to its present leve!. This implies that it 
could provide the amount of heat needed to 
reheat and partialy melt the adjacent larvikite. 
The chemical exchange must therefore have tak
en place between a partially molten larvikite and 
the intruding magma. 

This leaves two possible models for the materi
al transfer process: Direct mixing of the nord
markite magma with the anatectic larvikite, and 
transport of components by a carrying agent such 
as a volatile phase. The latter process would be 
similar to fenitization (Brøgger 1921), which is a 
common type of wall rock metasomatism con
nected with alkaline intrusives. Detailed geo
chemical studies of fenitization processes (e.g. 
Ru bie 1982) have shown that the metasomatizing 
fluids do not transport all elements equally well, 
aluminum being particularly immobile. On the 
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other hand, direct mixing would be non-selec
tive, affecting all elements equally. This process 
may easily be simulated by 'petrographic mixing' 
calculations, using larvikite and nordmarkite 
compositions as endmembers. Systematic devi
ations between simulated and observed sample 
values for aluminum or other major elements 
would be a strong indication that volatile transfer 
or other selective processes were active. 

Reproduction of larvikite 3 compositions by 
petrographic mixing 

Major element compositions of the individual 
larvikite 3 samples were reproduced by petro
graphic mixing calculations, using a modified 
version of the computer program of Bryan et al. 
(1969). To minimize the disturbing effects of pri
mary minor heterogeneities in larvikite and nord
markite, averages of three samples of each unit 
were used as endmembers in the mixing calcula
tions (designated LM and NM respectively). The 
resulting major element and normative composi
tion estimates are summarized in Table 2. The 
parameter XNM indicates the weight fraction of 
mean nordmarkite in each of the simulated rock 
compositions. 

To simplify the comparison of observed and 
calculated compositions, the calculated values 
are superimposed on the profiles in Figure 3. The 
mixing calculations are seen to reproduce the 
trends of MgO, CaO, Al203, FeO + Fe203, D.l. 
and A.l. across the larvikite 3 zone with unim
portant deviations only. Al203 and Fe203 are 
overestimated in sample 24, giving too low agpai
tic index as a result. These deviations, however, 
do not seem to be systematic. More important 
discrepancies are seen in the K20/(K20 + 
Na20)-ratios. In profile Ill, the mean end
member values used are certainly inadequate, 
giving a much too flat slope across the profile. 
This may reflect real differences in the alkali
ratios of larvikite and/or nordmarkite magma. 
Inhomogeneities may also be the cause for the 
observed underestimates of the K20/(K20 + 

Na20)-ratio in the intermediate samples of pro
file l. Such underestimates might, however, also 
be results of selective loss of sodium during the 
alteration process, for instance to a hypothetical 
free fluid phase (cf. Orville 1963). Also, the 
(Fe203/Fe0)-ratios are systematically underesti
mated; these deviations, however, tend to cancel 
out when FeO + Fe203 is considered. This may 
be an effect of the increase in oxygen fugacity 
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Tab le 2. 

Petrographic mixing estimates of larvikite 3 composition. Numbers 

ref er to samples anal y sed (see Tab le l for actual compositions). 

LM and NM are larvikite and nordmarkite averages u sed as end -

members. X
NM 

is the weight fr action of nordmarkite in the es ti-

mat ed samples. 

24 62 64 65 79 80 LM NM 

Weight percent oxides 

Si02 
63. 95 59. 23 58. 89 64. 80 58. 23 59. 90 56. 48 66. 20 

Ti0
2 

0. 89 l. 80 l. 70 1. 14 l. 93 l. 60 2. 01 0. 56 

Al
2

0
3 

16. 32 16. 08 15. 87 l6. 77 15. 95 16. 03 15. 60 16. 54 

Fe
2

o
3 

2. 34 3. 14 3. 03 2. 62 3. 24 2. 95 3. 28 2. 07 

FeO l. 52 4. 16 3. 89 2. 23 4. 54 3. 58 4. 79 0. 57 

Mn O o. 11 o . 14 0. 14 0. 12 o . 15 0. 14 0. 15 o .lO 

Mg O l. 01 2. 69 2. 52 l. 46 2. 93 2. 32 3. 09 0. 40 

Ca O l. 52 4. 42 4. 13 2. 29 4. 84 3. 78 5. 12 0. 46 

Na
2

0 6. 25 5. 24 5. 25 6. 20 5. 05 5. 42 4. 80 6. 68 

K
2

0 4. 72 3. 59 3. 63 4. 58 3. 39 3. 80 3. 18 5. 17 

P
2

0
5 

0. 24 0. 57 0. 54 0. 33 0. 62 0. 50 0. 65 0. 12 

Sum 98. 87101. 15 99. 59102. 54100. 87100. 02 99. 15 98. 87 

CIPW - norm, eat ion percent. 

Q 5. 61 3. 63 3. 81 5. 31 3. 30 4. 09 3. 00 6. 05 

OR 27. 76 20. 90 21. 44 26. 05 19. 83 22. 32 18. 95 30. 26 

AB 55. 87 46. 37 47. 13 53. 61 44. 90 48. 38 43. 66 59. 21 

AN 2. 54 9. 62 9. 08 4. 25 10. 75 8. 15 11.56 

HY l. 58 5. 93 5. 57 2.26 6.70 4. 94 7. 33 0.66 

DI 2. 73 6. 66 6. 30 3. 69 7. 22 5. 80 7. 75 1. 19 

AC 0. 18 

MT l. 69 3. 23 3. 17 2. 64 3. 35 3. 06 3. 46 0. 15 

HM 0. 50 l. 28 

IL l. 23 2. 47 2. 37 l. 53 2. 66 2. 22 2. 83 o. 77 

AP 0. 50 1. 17 1. 13 0. 66 l. 28 1. 04 l. 37 0. 25 
----------------------------------------------------------------

D. I. 89. 23 70. 91 72. 38 84. 97 68. 03 74. 79 

A. I. 0. 94 0. 78 0. 79 0. 90 0. 75 0. 81 

X
NM 

0. 77 0. 17 0. 22 0. 65 0. 08 0. 30 0. 00 1. 00 
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that is part of the alteration history of the rock, 
but which is not accounted for by the mixing 
mod el. 

With these comparatively unimportant modifi
cations, the major and minor element data corre
spond well with what should be expected from a 
simple, non-selective mixing model, with larvi
kite l and nordmarkite as endmembers. On the 
other hand, this model cannot predict the details 
of trace element variation across the larvikite 3 
zone, as is illustrated by Figure 4, where actual 
trace element concentrations are plotted against 
XNM• as defined from the mixing model. (Note 
that the actual profile endmembers are repre
sented in Figure 4, rather than averages). 

Ideally, a sequence of rocks form ed by mixing 
of two homogeneous endmembers would plot 
along straight lines connecting the endmember 
compositions in such plots. In the present case, 
an approximation to this situation is seen only for 
elements for which the ranges of internal vari
ation in the endmember sample groups are small 
compared to the differences between the end
members. Se and Co give the best approximation 
to this situation in Figure 4. On the other hand, 
both primary larvikite and nordmarkite show 
comparatively large internal variations in Sr, U, 
Th and Ta. For the latter three elements the 
ranges of variation of the different units overlap 
completely. Because the endmembers are inho
mogeneous in these components, mixing does 
not produce well-defined linear trends, but a 
product which is equally heterogeneous. This is 
illustrated by the plots of Sr, U, Th and Ta 
against XNM in Figure 4. 

If components in which the endmembers are 
distinctly heterogeneous are disregarded, the 
chemical variation across the larvikite 3 zone 
corresponds well with what should be expected 
from the simple, non-selective mixing model sug
gested above. 

Fig. 3. Whole rock major element compositions plotted against 
(approximate) positions in the larvikite 3 zone. Data from 
Table l. Crosses: Larvikite l, Points: Larvikite 3, Open eire/es: 
Nordmarkite. Broken lines: Distance not to scale. Sample iden
tifications are placed in the lower frame. Open triang/es are 
simulated larvikite 3 compositions, calculated by 'petrographic 
rnixing' of average larvikite and nordmarkite endmembers; 
data from Table 2. All values in weight percent, except D.l. 
and A.l., which are in cation percent. 

u 
5 

4 

3 

2 

20 
Se 

10 

20 
Co 

10 

o 

Sr 

600 

500 

400 

300 

200 
100 

Th 

8 

6 

4 

2 

Larvikite-nordmarkite hybridization 231 

X 

79 62 64 80 

o .2 .4 

8 

6 

:::::===--.:::::O�:=::ffi 4 

2 

65 24 

.6 .8 1.0 
XNM 

Fig. 4. Trace element concentrations (in parts per million) 
plotted against XNM, as defined from petrographic mixing sim
ulation of larvikite 3 sample compositions. Symbols as in Fi
gure 3. Sample identifications in lower frame. 

c: 
o 

= 

.E 
..... 
Cll 
a. 

Ill 

t: 
ro 

o.. 



232 

STAGE I 

STAGE Il 

STAGE Ill 

Fig. 5. 'Cartoon' of the evolution of the larvikite 3 zone with 
time. The underlying petrogenetic model is described in the 
text. This representation is further simplified, in that it assumes 
nordmarkite to intrude exactly at the original intrusion contact 
of the larvikite. The section may be interpreted both as a 
vertical and as a horizontal section anywhere along the larvikite 
3 zone. The shaded fields re present primary, solidified larvi
kite. 

Stage I 

Stage Il: 

The situation after intrusion and primary so
lidification of the larvikite. The wall-rocks 
would be Permian Javas and sediments of the 
downfaulted cauldron block. The broken line 
separates the part of the primary larvikite to 
be altred, from the rock which has been re
tained as larvikite l. 
The situation during reheating and 'metaso
matism' of larvikite 3. The horizontaUy ruled 
zone is in a state of partial melting. The densi-

NORSK GEOLOGISK TIDSSKRIFT 3 (1984) 

The physical process 

The two-way transport and mlXlng mechanism 
needed to produce larvikite 3 may, from the 
results presented, be explained as infiltration of 
nordmarkite magma into an anatectic larvikite, 
with mixing of introduced and anatectic melts. 
The volume fraction of the present larvikite 3 
which was in the molten state during this secon
dary process increases outwards through the 
zone occupied by the unit. As a result of this 
process, the volume taken up by larvikite 3 is 
greater than the volume occupied by the primary 
larvikite which underwent alteration. Only two 
of the estimated rock compositions in Table 2 
give XNM values above 0.5 (i.e. in the nordmar
kite-dominated part of the mixing series) ; these 
both correspond to samples from the outermost 
part of the larvikite 3 zone. As was suggested 
from petrographic evidence, most of the present 
larvikite 3 volume is therefore dominated by the 
larvikite component. This signifies that relics of 
primary larvikite minerals found in larvikite 3 
must have been physically moved outwards from 
the place where they originally crystallized, to 
allow the volume of altered larvikite to expand 
into the space initially taken up by the nordmar
kite magma. Only in the outermost part of the 
interaction zone were appreciable amounts of 
larvikite material assimilated into nordmarkite 
magma, to produce the final compositional step 
into true nordmarkite. 

To be able to infiltrate and mix with the re
heated and partially molten larvikite, the nord
markite magma must have had a low viscosity, 
probably because of high contents of volatiles. 
Because pyroxene is replaced by amphibole, wa
ter may be assumed to be an important volatile 

Stage Ill: 

ty of the ruling is a measure of the relative 
proportion of larvikite material in the partially 
molten rock. This zone, which is the subse
quent larvikite 3, is wider than the original 
larvikite be ing alte red ( compare with the dis
tance X in stage I), due to 'expansion' of 
larvikite material out into the intruding 
magma during mixing. Curved arrows indicate 
infiltration of nordmarkite magma into the 
partially molten rock; straight, single arrows 
show the movement of relics of primary larvi
kite minerals during the mixing process; dou
ble arrows indicate assimilation of larvikite 
material into the nordmarkite melt taking 
place in the outermost part of the interaction 
zone. 
The present situation. All boundaries between 
the units are gradual. 
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constituent of the intruding magma. The present 
data, however, give no direct evidence as to 
whether or not a free fluid phase bad evolved at 
the time of the intrusion of the magma. 

The physical process taking place in the transi
tion zone during intrusion of the nordmarkite 
and its subsequent cooling is illustrated as a 'car
toon' in Figure 5. 

Conclusions 

The gradual transitions between larvikite and 
nordmarkite in the Sande cauldron central plu
ton may be mapped as a separate petrographic 
unit, larvikite 3. Petrographic evidence shows 
that it was formed by secondary alteration of 
preexisting larvikite, related to the intrusion of' 
nordmarkite magma. 

The composition of larvikite 3 grades towards 
nordmarkite across the zone, with increasing al
kalis, silica, aluminum and decreasing calcium, 
magnesium and total iron. This variation may be 
quantitatively explained by a simple mixing mod
el, using average nordmarkite and larvikite com
positions as endmembers. Selective loss or gain 
of single components, for instance by transfer 
through a volatile phase, was unimportant in 
comparison. Infiltration of hydrous nordmarkite 
magma into a partially molten larvikite is the 
most probable physical mechanism for the proc
ess. The trace element patterns deviate from 
what is expected from the binary mixing model. 
This is due to important primary trace element 
heterogeneity within each of the endmember 
groups; this heterogeneity is not reflected to a 
similar extent in the major element composi
tions. 

Implications 

So far, gradual transitions between monzomtlc 
and syenitic rocks have only been studied in 
some detail in the Sande cauldron central pluton. 
If the secondary, shallow leve! processes outlined 
above are of general validity in the Oslo region 
intrusives, the gradual transitions do not present 
any evidence for local comagmatic lines of de
scent leading to rocks of syenitic composition. 
Rather, the ultimate reason for the existence of 
such transition zones may be sought in a tectonic 
regime that allowed several magma batches of 
different compositions and perhaps different ev-
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olutionary histories (Rasmussen 1983) to intrude 
along the same zones of weakness in the crust, 
during a relatively short period of time. 
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